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Chapter 1

Introduction

The primary purpose of this thesis is the design, development and validation of
a system capable of measuring magnetic fields with low-noise conditions at sub-
millihertz frequencies. Such an instrument is conceived as a part of a space mission
concept for a gravitational-wave observatory called eLISA (evolved Laser Interfer-
ometer Space Antenna). In addition, the work of this thesis is also well-suited for
use in magnetically sensitive fundamental physics experiments requiring long inte-
gration time, such as high-precision measurement of the weak equivalence principle.
Within this context, the baseline design of the instrument is also foreseen to moni-
tor the environmental magnetic field in a proposed mission concept involving space
atom-interferometric measurements, known as STE-QUEST (Space-Time Explorer
and Quantum Equivalence Principle Space Test).

Before going into the details of the magnetic measurement system, we put the
work of the thesis into context and introduce the primary goals of the eLISA and
STE-QUEST mission concepts. On the one hand, a brief overview about gravi-
tational wave nature and its detection is given. We also describe the reasons to
perform magnetic field measurements in the eLISA spacecraft. Moreover, a general
outlook about the eLISA technology demonstrator, the LISA Pathfinder, is given.
On the other hand, a brief introduction on the weak equivalence principle is offered
and the space-based test using a dual species atom interferometry is explained. Fi-
nally, we discuss the need of the magnetic field monitoring subsystem as part of the
STE-QUEST payload.

1.1 Gravitational wave astronomy

A compelling indirect proof of the existence of gravitational waves (GWs) was car-
ried out by Russell A. Hulse and Joseph H. Taylor via the decay of the orbital period
of the binary pulsar PSR 1913+16 [82]. The results proved that the system is losing
energy at a rate in excellent agreement with the predictions of Einstein’s General
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Relativity, assuming the reason for the energy lost is the emission of gravitational
waves due to the motion of the binary system [177]. The discovery, awarded with the
1993 Nobel Prize in Physics, opened up the study of relativistic gravitation for the
last few decades, when potential advances in ground- and space-based GW observa-
tories have aimed for direct detection along a wide range of frequencies. Nowadays,
thanks to the latest technological developments, a new era of gravitational wave as-
tronomy is expected for the near future, opening a new window to revolutionize our
understanding of the Universe.

1.1.1 Measurable emissions of gravitational waves

According to the general theory of relativity [56], gravitational waves are small ripples
in the spacetime geometry that travel away from their source at the speed of light.
They have two polarization states that provoke freely falling bodies to expand in one
direction, while squeezing in the perpendicular direction to the previous one. These
polarizations, which are transverse to the wave’s propagation direction, are usually
denoted as plus polarization “+” and cross polarization “x”. Their effects on a ring
of free falling masses are shown in Figure1.1.

+ polarization

- Gw X)

WEYVE

’/ o~ \
! \
A
! 1
B
AN ~

N>

t=0 t=T/4 t=T/2 t=3T/4
time

|
|
X polarization

O

Figure 1.1: Polarizations of a gravitational wave. Effect of a GW on free falling bodies
disposed in a circle for the plus and cross polarization. The propagation of the GW is
perpendicular to the plane of the circles. The dashed circles indicate the initial position of
the bodies.

The amplitude of a GW is usually characterized by the strain h, given by

Al
h = 27, (1.1)
which is provided by the measurable relative change Al caused by a GW in the initial
arm length [ between the masses. Hence, the obvious solution is to extend the arm

2



1.1 Gravitational wave astronomy

length in order to observe larger relative changes. However, the weak interaction of
the gravitational radiation with matter makes it difficult to detect them, since the
relative change in the distance between the bodies is very tiny. In the quadrupole
approximation [168], the order of magnitude of the strain h of the gravitational
radiation far from the source can be estimated as

2G +;;

h ~ 74%’ (1.2)
where iij is the reduced quadrupole moment, d is the distance from the source,
G is the gravitational constant, and c¢ is the speed of light. The small factor
G/c* = 82-107% s2 m~! kg~! gives an idea of the challenge of detecting GWs.
The feeble strength of gravity entails that detectable signals for the current obser-
vatories must be produced by the most violent astrophysical events in the Universe,
such as coalescence of black holes, supernova core collapse of massive stars, or rem-
nants of the Big Bang. As an example, for energetic phenomena, such as inspiraling
binary neutron stars of 1.2 Mg at 100 Mpc, the value for the strain h is estimated on
the order of ~ 10723 [163, 26]. This small number only generates shifts of 5-1072! m
between two test masses separated by 1 km.

The GW sources radiate in a wide spectrum, which is usually categorized into
four different bandwidths: the ultra low frequency band (10~ Hz to 10713 Hz); the
very low frequency band (10~ Hz to 10~7 Hz); the low frequency band (107> Hz
to 107! Hz); and the high frequency band (1 Hz to 10* Hz) [81]. In particular,
the low-frequency gravitational radiation between 10™* Hz and 1 Hz is intended
for space-borne mission concepts, such as the evolved Laser Interferometer Space
Antenna (eLISA). Figure 1.2 shows the sources of gravitational waves within the
eLISA bandwidth compared to on-ground detectors.

Several experimental approaches have been developed for the detection of GWs
during the last decades. After the pioneer resonant-mass detector implemented by
J. Weber in the sixties [187, 188], subsequents improvements of the original Weber
bars have been developed [58, 18, 74, 19, 31, 8]. The physical principle is based on
cylindrical or, more recently, spherical bodies, which enter into resonance when they
are excited by a passing GW at the oscillation frequency. An important disadvan-
tage is the limited detection bandwidth between tens and hundreds of hertz at the
kilohertz frequency range. Nowadays, resonant detectors are still awaiting for direct
GW detection coming from extremely energetic short bursts with low event rate,
such as AURIGA [194] and NAUTILUS [20] in Italy.

In the mid 1970’s, an alternative concept using laser interferometer devices began
to develop. The main advantage over the resonant-mass detector is the sensitivity
enhancement along a wider bandwidth, covering a broader range of GW sources.
This approach is based on the Michelson-type configuration [131], where a coherent
laser beam is split into two arms, bounced off by two reflective test masses (mirrors),
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The Gravitational Wave Spectrum
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Figure 1.2: Gravitational-wave spectrum. Gravitational sources and detecting methods
along the range of radiation frequencies. Credit: NASA.!

and then recombined prior to the photodiode detection. Figure 1.3 shows the dif-
ferential displacement between the optical arms induced by a“+4” polarization wave
that arrives perpendicular to the detector’s plane. The optical path length changes
are then measured by the light phase differences in the interference pattern over time.
Hence, the modulated light power measured by the photodiode at the interferometer
output is given by [26]

2
i)

Ch(HL| (1.3)

P(t) = Pysin? 277T(L1 — Ly) +
where Py is the laser power, A is the laser wavelength, and L is the mean of the
arm lengths L and Ly. The second term of the equation (27h(t)L/\) is the phase
difference A¢(t) in response to an incident GW.

The major noise sources which limit the sensitivity of ground-based interferomet-
ric detectors result from the photon shot noise, radiation pressure noise, standard
quantum limit, thermal noise, seismic noise and gravity gradient noise [155]. In order
to reach the sensitivity needed to detect for GWs, several adaptations of the original

"http:/ /science.gsfc.nasa.gov/663 /research/
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Figure 1.3: Laser interferometer approach. Changes in the distance between two bodies
(TM1 and TM2) with respect the beam splitter (BS) when a GW transverses the detector.

design have been implemented in the current interferometer detectors. Along this
line, the power- and signal-recycled Michelson interferometer helps to suppress the
shot noise and increase the signal-to-noise ratio within a determined bandwidth or
for some specific sources [110, 128]. For optimization purposes, Fabry-Perot cavities
maximize the integration time between each optical arm and the GW [5, 2, 43]. An-
other important arrangement to increase the spatial and temporal stability of the
laser and minimize laser beam jitter is achieved by placing an input mode cleaner
right after the laser source [15]. A schematic diagram of the aforementioned tech-
niques is shown is Figure 1.4.

Mirror
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IMC  Input
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Input Mirror
mirror

FPC

Laser

PRM
== SRM

—NHN— Photodiode

Figure 1.4: Schematic diagram of a power- and signal-recycled Michelson interferometer
using Fabry-Perot cavities (FPC) and input mode cleaner (IMC). BS, beam splitter; PRM,
power recycling mirror; SRM, signal recycling mirror.

Much work has been done on the different ground-based interferometric detectors
located around the globe. They can be categorized in three types: first-generation
detectors, which traditionally have been operated and involved in scientific observa-
tions; second-generation detectors, which are currently under way; and third gener-
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ation detectors, which are new infrastructures under conceptual design study. The
main first-generation detectors are LIGO [1] in USA (two at Hanford and one at
Livingston), Virgo [3] in Italy, GEO600 [68] in Germany, and TAMA300 [116] in
Japan. The successors of those detectors are Advanced LIGO (aLIGO) [71], Ad-
vanced Virgo [4], GEO-HF [189], and KAGRA [172]. Finally, the underground Ein-
stein Telescope (ET) is a proposed third-generation detector with ten times better
strain sensitivity than advanced detectors up to an extended low frequency limit of 1
Hz [162]. Below this frequency, seismic noise and arm length limit the low-frequency
performance of the terrestrial detectors. Therefore, a dedicated space-borne mission
based on the eLISA concept is crucial to observe the rich GW spectrum between 0.1
mHz and 1 Hz. An overview of this mission is given in Section 1.1.2.

A pulsar timing array (PTA) is an alternative approach used to search GWs
with a frequency from 1072 Hz to 10~° Hz, mostly expected to be emitted by super
massive black holes binaries. The detection concept is based on the radio telescope
measurements of the pulse arrival times emitted by millisecond pulsars. The regular
pulsar arrival times might undergo correlated changes produced by the influence of
passing GWs along the region between Earth and the pulsars. Currently, the three
main PTAs under operation are the European Pulsar Timing Array (EPTA) [94],
the North American Nanohertz Observatory for Gravitational Waves (NANOGrav)
[127], and the Parkes Pulsar Timing Array (PPTA) [75]. These three projects form
the International Pulsar Timing Array collaboration. The future radio telescope
project called Square Kilometre Array (SKA) [98] is planned to achieve sensitivities
with at least an order of magnitude improvement in the gravitational wave strain
amplitude compared with any other radio instrument.

Recent proposals for GW detection using atom-based interferometry have been
studied during the last years [67, 76, 52]. In this detection strategy, cold atom clouds
are used as inertial test masses instead of the reflective bodies used in conventional
laser interferometry. Although further work is required to overcome some complex
aspects in the design [28], the overall maturity of the technology is increasing quickly
and is expected to be a powerful technique for future GW detection.

The comparison between the sensitivity curves of some of the most relevant
detectors mentioned above is shown in Figure1.5 along with the detectable GW
sources.

1.1.2 An overview of the eLISA mission concept

eLISA is a space-based observatory proposed as a ESA large (L-class) space mis-
sion and conceived to directly detect low-frequency gravitational radiation between
0.1mHz and 1Hz [57].2 This bandwidth, which is not observable from Earth, is ex-
pected to reveal some of the most exciting GW sources, such as massive black holes

2In October 2013, the Gravitational Universe was selected by ESA as the science theme for the
next L3 mission.
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Figure 1.5: Characteristic strain curves for a variety of detectors and potential signals [133].

coalescence, compact binaries, and extreme mass ratio inspirals. Its current design
is a reduced version of the generic LISA concept [27], which was a joint ESA-NASA
project with decades of assessment and development study. Most of the technology
is transfered directly from LISA although due to cost reduction, some valuable vari-
ations were adopted (see Table 1.1). As shown in Figure 1.6 , eLISA will be made up
by three drag-free spacecraft (one “mother” and two “daughters”) in a one-million-
kilometer side equilateral triangle. Each side forms a two-link interferometer between
freely floating test masses (TMs) that act as the geodesic reference mirrors for the
gravitational wave measurement. The spacecraft constellation will follow a heliocen-
tric orbit, at a distance of 1 AU from the sun (between 10° and 30° behind the Earth)
and on a plane of the constellation tilted by 60° with respect to the ecliptic. The
present design scheme makes it possible to maintain a near-equilateral triangular
geometry along the mission lifetime without the need for station keeping. However,
the inter-spacecraft distance will vary due to the gravitational disturbances of the
Solar system on the spacecraft. These changes, in the order of 2% of the nominal
arm length, are expected to occur in long time scales of months, i.e, outside of the
frequency band of interest for eLISA (time scales of hours). Therefore, the precise
interferometer measurements along the eLISA bandwidth can be separated from the
slower drifts in the nominal arm length over the duration of the mission.
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Table 1.1: Main parameters comparison between the LISA and eLISA.

LISA eLISA
Spacecraft 3 identical 1 Mother and 2 Daughters
5-10% km 1-10% km
Arm length 6 laser links 4 laser links
Laser power 2W 2W
Incident light power 370 pW 710 pW
Laser wavelength 1064 nm 1064 nm
Telescope 40 cm @20 cm
Orbit Heliocentric Heliocentric

20° behind Earth
5 years nominal

Mission durati
1sslon duration 10 years extended

10° to 30° behind Earth
2 years nominal
5 years extended

Daughter /\)
S/C @
N

1 million km

Daughter - - -
VO S8/ /'// A\
‘ N ’ T I

1 million km

/ 60°

« T

J

10-30° ~_

60°

1 AU (150 million k) )

Figure 1.6: Left: the Mother spacecraft is optically linked with the two Daughters spacecraft
for the current eLISA configuration. Top right: annual evolution of the three spacecraft orbit.
The trajectory of one of the spacecraft (gray line) is represented together with the Earth
orbit (blue line). Bottom right: current eLISA flight configuration trailing the Earth.

ﬁ’g@\‘

Mother S/C

As shown in Figurel.7, the major systems involved in the eLISA payload in-
clude the gravitational reference sensor (GRS), the drag-free control and the optical
metrology system (OMS). There is one payload at the end of each arm forming the
link with another spacecraft, i.e, two identical units on the mother spacecraft and
one on each daughter spacecraft. In the following lines, a brief overview of these
elements is given.
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Gravitational reference sensor and drag-free control

The GRS monitors the motion in all six degrees of freedom between the spacecraft
and the TM, a 46 mm-side cube made of gold-platinum. The instrument uses sur-
rounding capacitive displacement sensors reaching a sensitivity up to the nm Hz /2
level. This signal, together with the more precise interferometry readout, is used to
perform the drag-free control loop and angular alignment by means of an array of
micro-Newton spacecraft thrusters. The drag compensation system keeps the TM
shielded from the non-gravitational sources within the required free-fall conditions
along the sensitive axis (interferometric axes). Additionally for keeping the TM
centered, the housing includes electrostatic actuators that can apply forces on the
non-sensitive degrees of freedom of the TM. Apart from this, the GRS also contains
a caging mechanism to block the TM position during launch, and a UV system for
photoelectric discharge of the TM in the course of science operation.

from 2nd
\\ laser
source

Phase Meter
measurements
and laser control

Drag-free
control

Telescop Optical TM/SC
Bench

|
/ SC/SC

Laser source /. 1

Modulator

Thrusters

Figure 1.7: Main components of the eLISA payload: the gravitational reference sensor
(GRS) enclosing the TM, the optical metrology system, and the drag free and attitude
control system (DFACS).

Optical metrology system

The OMS plays the very important role of quantifying the relative displacement
between the two test masses. For noise cancellation purpose, a combination of inter-
ferometric readouts is used by measuring not only the distance between spacecraft,
but also between the TM and their spacecraft. Due to the large arm length the
collimated light sent out from the remote spacecraft is expanded and needs to be
collected by a local optical telescope. Hence, from a 2 W laser source (at 1064 nm
wavelength) transmitted at the distant spacecraft, only an incoming light power of
710 pW is received after traveling through the inter-spacecraft distance. This small
fraction can not be simply reflected again to the remote spacecraft; therefore, apart
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from the master laser, the other optical links are frequency locked between them.
The received light from the far spacecraft is combined with a local laser at similar
frequency (but not equal) to generate a heterodyne signal at MHz frequencies (beat
note at the difference frequency), which is detected by a photodiode as shown in
Figure 1.7. The changes between the TM distances caused by a GW shift the phase
of the laser light so that it is conserved in the heterodyne signal. After this, a phase
meter system based on a phase-locked loop (PLL) acquires the science readout with
prad Hz=1/2 level within the measurement band.

1.1.3 Magnetic field effects in eLISA

As aforementioned, due to the extremely low amplitude of gravitational waves, the
TMs have to be shielded from non-gravitational forces, which would disturb their
pure geodesic motion. Consequently, environmental conditions around the TMs
need to be under stringent control; otherwise the different noise disturbances would
conceal the GW signal. The LISA noise requirement in terms of free-fall accuracy
S;fLISA (m s=2 Hz'/?) in the frequency band between 0.1 mHz < w/27 < 100 mHz
is plotted in Figure1.8. At frequencies below 1 mHz, the noise estimation is domi-
nated by a residual acceleration noise of 3 fm s~2Hz /2 per test mass, which is mainly
caused by the drag-free control and environmental effects, e.g., thermal, magnetic
and random charging fluctuations [11]. Among them, one of the main contributors to
the total acceleration noise budget is the surrounding magnetic field in the spacecraft,
created by the interplanetary magnetic field, electronic units and other components
such as the micro-thrusters, batteries, solar panel cells, etc. These produce dc and
fluctuating magnetic fields and gradients which must be kept below certain values
in order to ensure proper science operation of the GW observatory. The magnetic
field and magnetic field gradient cause a non-gravitational force and torque on the
TM due to its non-zero magnetization M and susceptibility x. This spurious force
F and torque N on the TM volume V induced by a magnetic disturbance is given

| ey

N=(MxB+rx [(M-V) B))V, (1.5)

where o = 47 - 107" mkgs 2 A=2, r is the vector distance to the center of the TM
and (- - - ) denotes TM volume average of the enclosed quantity. The force fluctuations
are estimated by

and

OF = ﬂ(éB-VB) +V(M-0(VB)) + ﬂ(B-é(VB» + ﬂ(dB-&(VB)). (1.6)
Ho Ho Ho
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This leads to keeping the dc and slow time-varying magnetic fields and gradients
below certain values in order to ensure proper science operation of the GW obser-
vatory.? The quadratic coupling of the last term of the equation may be relevant
in the presence of ac magnetic fields with close frequencies, which can cause a low-
frequency fluctuation component due to the down-conversion of the high-frequency
magnetic signals [184, 179, 59, 60]. A smaller contribution is due to the Lorentz force
produced by the interaction between the charged TM moving through the fluctuating
interplanetary magnetic field [14].
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Figure 1.8: LISA noise requirement plotted as amplitude spectral density (ASD) of the
differential acceleration of the test masses.

The magnetic properties of the TMs (M and x) are known due to several on-
ground and in-flight experiments [47]. However, the magnetic field environment (B
and VB) at the TM locations needs to be carefully evaluated and suppressed from
the main data stream during the mission. To that end, eLISA will have a set of
magnetic sensors placed in key locations, with the purpose of discerning the low-
frequency magnetic noise contributions from the overall acceleration noise budget.

1.1.4 The route to eLISA: LISA Pathfinder

Due to the the cutting-edge technology behind eLISA, and given that some hardware
can not be fully tested on ground, a dedicated technology demonstrator satellite was
developed to pave the way for eLISA. This technological mission adopted within the
ESA program is LISA Pathfinder. The basic concept is to mimic one of the eLISA
arms within a single spacecraft, shrinking the optical link between test masses from

3Fluctuations of the magnetic moment density of the TM are not expected due to the extremely
stable thermal conditions prevailing inside the GRS [108].
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1-10%km to around 30 cm. The main objective is ultimately the very high precision
with which test masses must be set in geodesic motion inside the spacecraft, with a
reduced acceleration noise budget compared to eLISA of

w/2m \?
bt (3 mHz>
in the frequency band between 1 mHz and 30 mHz [183]. This means that also the
lower end of the eLISA measurement band (0.1 mHz) has been relaxed.

LISA Pathfinder contains two payloads: the LISA technology package (LTP)
provided by ESA, and the disturbance reduction system (DRS) from the NASA
contribution. The LTP determines the relative position and rotation of both free-
falling test masses by laser interferometry [12], while the DRS supplies an additional
colloid thruster and control system [61]. In the same way as for eLISA, the mayor
subsystems on board the LTP include the optical metrology subsystem (OMS), the
gravitational reference sensor (GRS), the drag-free attitude control system (DFACS),
and the data and diagnostics subsystem (DDS). Most of these subsystems are very
similar to those for eLISA, in particular, the GRS will be mainly the same. A drawing

of the LTP is displayed in Figure 1.9, which shows the optical bench interferometer
and the GRS vacuum chambers containing the TMs.

Syl ipr(w) <3x1071 ms~ 2 Hz /2 (1.7)

Figure 1.9: Artist impression of the LISA Technology Package. Each of the vacuum enclo-
sures (the two silvery cylindrical towers) encloses one TM at its center (gold cube), which
are linked via the optical bench. Credit: ESA/medialab.

The OMS measures not only the relative displacement between the TMs, but also
the distance of one of the TMs (TM1) with respect to the spacecraft. More details can

12
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be found in [21]. Regarding the drag-free subsystem, there are two control loops: the
drag-free loop and the electrostatic suspension loop. The former keeps the spacecraft
centered with respect to the TM1 by means of micro-Newton thrusters. The second
control loop acts via the surrounding electrodes on the second test mass (TM2) to
keep a fixed distance with the remaining TM and prevent the TM2 from colliding
with the wall of the electrode housing. Consequently, these control loops maintain
a drag-free operation of the first TM, while ensuring a quasi-free fall trajectory for
the second test mass.

Figure 1.10: Left: electrode housing of the GRS. Credit: eLISA Consortium. Right: flight
optical bench before integration into the LTP. The optical beams are applied into the optical
bench by means of the fiber injector (green connectors). Credit: University of Glasgow and
University of Birmingham.

The last of the subsystem mentioned above is the DDS, which has the crucial
function of distinguishing between various sources of noise that directly affect the
main scientific measurement of the mission, i.e. the interferometer phase readout.
The estimation of the effects of each independent disturbance on the parasitic ac-
celeration noise is obtained by dedicated flight experiments, where the DDS plays a
very important role. More specifically, the DDS will provide the necessary instru-
mentation to monitor and characterize the effect of thermal, magnetic and charged
particle environment inside the spacecraft [37]. Once the relationship between in-
duced perturbations and interferometer readings is estimated, the excess noise on the
interferometer readings can be established by monitoring each independent source
of disturbance. The DDS is composed of a number of sensors (magnetometer, ther-
mistors, and a particle detector) and actuators (coils and heaters) called diagnostic
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items:

e Thermal diagnostics: An array of 24 thermistors and 14 calibration heaters
is attached in key points of the LTP, which are the inertial sensors, the optical
bench and the suspension struts. The sensors monitor the stable thermal envi-
ronment with a sensitivity better than 10~°> K Hz~!/2 along the measurement
bandwidth [160]. The purpose is to translate temperature information into
test mass acceleration noise. This relationship is obtained by applying high
signal-to-noise ratio thermal signals by means of the calibration heaters [141].

e Radiation monitor: The particle detector samples the flux of charged par-
ticles that hit the LISA Pathfinder spacecraft, some of which will eventually
reach the TMs and generate charge depositions in them. Average charging
rates can be established by thorough measuring over long periods of time pro-
vided by the inertial sensor, but temporal fluctuations of the galactic cosmic ray
(GCR) flux and solar energetic particle (SEP) events contaminate the scientific
data. Thus, the radiation monitor is used to correlate the incident radiation
and the TM charging. The minimization of this TM charging noise can be
accomplished by either matching charging and discharging rates, or through
post-processing of the radiation monitor data.

e Magnetic diagnostics: As previously mentioned, due to the residual mag-
netic properties of the TM, the magnetic field and magnetic field gradient in the
TM region result in acceleration fluctuations. Like in the thermal diagnostics
subsystem, a set of sensors and actuators, magnetometers and induction coils
in this case, is used to determine the transfer function relating the magnetic
forces and the effect on the motion of the test masses. The instrumentation
required for the magnetic measurements is part of this thesis and it is explained
in detail in Chapter 2.

A magnetic diagnostics subsystem fulfilling the LISA Pathfinder and the more
demanding eLISA conditions would also be appropriate for use in magnetically sen-
sitive fundamental physics experiments requiring long integration time, such as high-
precision measurements of the weak equivalence principle using space atom interfer-
ometry in STE-QUEST [9]. Therefore, the work presented in this thesis has been
also proposed beyond the scope of eLISA as part of the magnetic field monitoring
system within the STE-QUEST atom interferometer (AI) payload. An overview
about the main concept on the test planned for STE-QUEST is given in the next
section.

1.2 Testing the weak equivalence principle

The weak equivalence principle (WEP), also known as universality of free fall (UFF),
is a key concept of general relativity grounded on the identity between the inertial
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1.2 Testing the weak equivalence principle

and the gravitational mass. The principle states that if any uncharged test body is

placed at an initial event in space-time and given an initial velocity there, then its

subsequent trajectory will be independent of its internal structure and composition.

The WEP can be tested by measuring the differential acceleration between two

different bodies freely falling in the same gravitational field, and their deviations can
be assessed by the Ec6tvos ratio as
_oarn—ag _ (mg/mi)a — (mg/mi)B

NAB = 2 =2 ;

ap +ap (mg/mi)a + (mg/mi)B

(1.8)

where ap and ap are the accelerations of the test masses A and B, m, is the gravita-
tional mass and m; is the inertial mass. Hence, the nonzero value of nap implies the
violation of the WEP. The study of possible quantified violations can give relevant
information for the better understanding of the fundamental force of nature or the
relationship of gravity with other fundamental interaction theories, such as string
theory or canonical quantum gravity [95, 91].

The WEP deviations have been tested in a large number of experiments at dif-
ferent levels of accuracy by using macroscopic bodies or coherent matter waves.
Table 1.2 shows a comparison between various current and future tests referenced
to the Earth’s gravitational field. As it happens when terrestrial GW detectors are
used, the sensitivity of ground WEP tests is limited by several inherent effects, as
for example, gravity gradients, environmental disturbances, short free fall evolution
times, and smaller variations of gravitational potential. For this reason, space-based
tests utilizing macroscopic test bodies, as the Microscope experiment (ESA-CNES),
or quantum matter, as the STE-QUEST mission concept, represent a significant
improvement over the best current on-ground tests. In the following section, the
performance of the atom interferometry payload required for the WEP test in STE-
QUEST is outlined.

1.2.1 An overview of the STE-QUEST mission concept

STE-QUEST (Space-time Explorer and Quantum Equivalence Principle Space Test)
is a M5 candidate mission proposed to ESA within its Cosmic Vision program. Its
primary scientific goal consists in quantifying the universality of the free propaga-
tion of matter waves in the Farth’s gravitation field to an uncertainty in the E6tvos
parameter better than 2 - 10715 [173]. The planned payload for the test of the
WEP comprises a dual species differential atom interferometer using Potassium and
Rubidium isotopes. The choice of 'K and 8"Rb is mainly motivated by previous ex-
perience for atomic sample preparation and cooling techniques [156, 158, 165]. These
two atomic clouds are condensed to a quantum degenerate state (Bose-Einstein con-
densate — BEC) in order to reduce systematic effects and guarantee high contrast,
thanks to the long coherence length and the low expansion rates of the ensembles [63].
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Table 1.2: Present and upcoming on-ground and space WEP tests. Grey rows indicate the
experiments using macroscopic test masses. The best present measurement is 1.8-10713 [164].

Experiment n Elements
Torsion balance [164] (0.3+1.8)-10~1 Ti, Be
AI/FG5 [146] (7+7)-107° Cs, corner cube
Dual AI (Garching) [63]  (1.241.7)-10~7 ®Rb, 8'Rb
On-ground Dual AT (ONERA) [32] (1243.2)-10°7 %Rb, 8'Rb
Dual Al (Firenze)[176] (0.2+1.6)-10"7 87Sr, 885y
Dual AT (Hanover)* [165] 1079 87TRb, 39K
Dual Al (Berkeley)* [70] 10— OLi, "Li
Dual Al (Stanford)* [51] 10712 /10716 85Rb, 87Rb
STE-QUEST* [9] 1071 K, 8"Rb
Space MICROSCOPE* [178] 10715 Pt, Ti
STEP* [143] [ Pt, Ir, Nb, Be
Galileo Galilei* [140] 10717 TBD

*Upcoming WEP experiments.

With the considered approach, the Al performance requires a sensitivity to differen-
tial acceleration better than 1-107'1/71/2ms=2, for an integration time 7 between
20s and 3.5 - 10%s.

A highly elliptical Earth orbit (10.6 h period) is needed to ensure large gravita-
tional accelerations during the perigee passage in order to maximize the signal-to-
noise ratio of a possible violation signal from the interferometer readouts. The rest
of the orbit, after the perigee phase, is employed for validation and calibration plans
of the instrument. The target uncertainty in the E6tvos ratio at the 2 - 10715 level
is achieved after an integration time of about 1.2 years for 3 years of routine science
operation. Figure 1.11 shows the spacecraft trajectory, which has an altitude of 2500
km at perigee and 33600 km at apogee.

The atom interferometer makes use of the atom-light interaction by applying
a sequence of three laser pulses (7/2 — m — 7/2) for coherently split, reflect, and
recombine the atomic wave packets. The instrument utilizes a double-diffraction
scheme, which transfers a symmetric momentum splitting of 4hk, for the effective
wave vector k and Planck’s constant h, while the internal states along its two arms
are the same [101, 53]. This scheme makes it possible to reduce phase shifts cou-
plings, such as homogeneous magnetic fields or off-resonant light fields. Although
the matter waves travel with the same internal state during the free evolution time
of the interferometer sequence, a state labeling appears in the output ports which
enables the measurement of the phase shift by state selective fluorescence technique.
Neglecting non-inertial contributions, the difference in phase at the end of the inter-

16



1.2 Testing the weak equivalence principle

Figure 1.11: Elliptical geosynchronous transfer orbit for STE-QUEST spacecraft. Al mea-
surements are taken during the perigee passes (dark green line), where the sensitive axis
of the AT is pointed towards the spacecraft-Earth direction (black symbols). Along the red
lines the spacecraft changes the orientation required for the different operation phases [9].

ferometer pulse sequence scales as ¢, = k- aT?, where k is the effective wave vector,
a the relative acceleration, and T the free evolution time between the laser pulses.
The beam splitter is oriented in the instrument sensitive axis k ||d@. Figure1.12 shows
an interferometer geometry similar to a Mach-Zehnder one in combination with a
double diffraction beam splitting technique.
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Figure 1.12: Temporal sequence of the Mach-Zehnder AI with double diffraction. The laser
pulses symmetrically split, reflect, and recombine the atoms trajectories. The blue and red
circles indicate the two hyperfine levels of the atoms. The two pairs of symmetrical light
fields have orthogonal linear polarization due to the A/4 wave plate response, thus creating
the counter propagation beams [9].
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The scientific Al payload is divided into three main functional systems based on
a modular design: the Physics Package, the Laser System, and the Electronics Pack-
age [166]. Inside the Physics Package, the two Bose-Einstein condensation (BEC)
wave packets are generated and manipulated by using different elements, such as
magnetic, optical and chip traps (Figure1.13). The preparation period lasts less
than 10 s. At this point the interferometer sequence is started by the Raman probe
lasers, followed by the fluorescence detection sequence through the charge-coupled
device (CCD) readouts. Besides, the Physics Package provides the vacuum and mag-
netic environment (set of Helmholtz coils and mu-metal shielding) required for the
complete experimental cycle.

3D MOT
beam
telescope

Atom Chip

2D* MOT
Chamber

Rubidium Dipole Laser
dispensers telescopes
Interferometry
beam
telescope

Figure 1.13: Main subsystems of the Physics Package. The 2DT-MOT chamber captures
and cools down the two isotopes released from the dispensers. Atoms are pushed, loaded and
pre-evaporated into the atom chip. The dipole laser finalizes the evaporation process and
reaches the two BECs. Finally, the Raman beams (light blue beam in the drawing) probe
the two samples and the interrogation sequence starts.

The Laser System includes the light sources connected to the Physics Package for
cooling, trapping, preparation, coherent manipulation, and detection of the atomic
population. Additionally, it contains the switching and distribution module, which
manages the complex arrangement of the laser lights according to the steps of the
experiment. Finally, the Electronics Package consists of various functional electronic
units in charge of driving the magnetic fields, radio-frequency signals, laser control
loops and high voltage supplies. Moreover, each of these subsystems are monitored
and commanded by the data management unit (DMU), which is also the interface
to the on board computer (OBC) of the spacecraft.
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1.2 Testing the weak equivalence principle

1.2.2 Magnetic field effects in STE-QUEST

Apart from the intrinsic noise performance of the on-board instrumentation, some
specific effects related to the spacecraft environment can induce a spurious differen-
tial acceleration, which would obscure a possible WEP violation signal. Hence, the
achievement of STE-QUEST is directly related to the proper identification and sup-
pression of these contributions below the targeted differential acceleration sensitivity
of 1-107"'ms=27-1/2. One of the main error sources in the output signal comes
from the magnetic field gradients.

Figure 1.14: Mu-metal shielding surrounding the Physics Package. The vacuum pump on
the top is placed outside the magnetic shield due to its ferromagnetic components.

During the interferometry process, the influence of the temporal magnetic field
fluctuations is minimized by preparing both atom species in the state mp = 0. In
this way, the linear Zeeman shift does not play any role. However, the quadratic
Zeeman effect is still coupled to the applied bias field, which is necessary to define
the axis of the spin polarization for the atoms. Hence, the phase response of the
interferometer due to the lack of homogeneity of the magnetic field can be written
as

6= /_ " h2maB()2dt, (1.9)

where g(t) is the sensitive function [99], « is the coefficients for the quadratic Zeeman
shifts, and B is the amplitude of the magnetic field. Since the quadratic Zeeman
coefficients are different for each atom species, the stray magnetic fields have to be
suppressed below a certain level compatible with the targeted measurement accuracy.
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For the more demanding constraints in the current design, the magnetic field gradient
in a reduced volume above the atom chip should be less than 0.4nT m~! [190].

In order to meet the magnetic requirement stated above, a four-layer mu-metal
shielding encloses the Physics Package as shown in Figure1.14. In addition to pas-
sive shielding, the baseline design of STE-QUEST also foresees active magnetic com-
pensation of slowly varying external fields (< 0.1Hz). Tiny magnetic sensors and
compensation coils wound around the shield will help to attenuate the external mag-
netic drifts within a continuous closed-loop mode. The size of the magnetometer
is determined by the air gap between the subsequent shield layers (13 mm in the
baseline design). A similar active compensation method was applied in the design
of the cold atom space clock PHARAO [97].

1.3 Objectives and structure of the thesis

Among the different sensors required for the aforementioned space missions, mag-
netometers are necessary devices to monitor the slow drifts of the environmental
magnetic field. The present work of this thesis is mainly focused on the design and
development of a system capable of monitoring magnetic fields with low-noise condi-
tions at sub-millihertz frequencies. Different magnetic sensing technologies (fluxgate,
anisotropic magnetoresistance, and atomic magnetometer), together with dedicated
electronic noise reduction techniques, are studied in order to assess if they can be used
for space missions demanding low-frequency requirements, such as the eLISA con-
cept. The design of the magnetic sensing in eLLISA is previously addressed in the de-
velopment and validation of the magnetic diagnostic subsystem of LISA Pathfinder,
also part of this thesis. We remark that eLISA is a demanding mission in terms of
low-noise/low-frequency requirements, which limit the performance of the on-board
instrumentation. This means that a system fulfilling the eLISA low-frequency noise
requirements will also be suitable for other missions such, as STE-QUEST. Moreover,
these missions require the careful control of the local magnetic environment gener-
ated by the spacecraft. The reason is that the main on-board instrument can only
operate successfully and achieve its performance if the magnetic environment, includ-
ing that generated by the spacecraft itself, is sufficiently benign. Therefore, this work
also involves the investigation of the magnetic characteristics of the magnetometer
and its possible impact on the scientific experiment. Finally, another potential prob-
lem in LISA Pathfinder is the accuracy of the magnetic field estimation from the
magnetometer to the region of interest. A robust interpolation method based on an
new magnetometer array configuration is presented in this work. Although other
topics are covered, the objectives mentioned here are considered amongst the most
challenging problems in this thesis. In order to find a solution along this lines, the
following aspects are addressed in the next chapters.
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Chapter 2 describes the design and validation of the magnetic diagnostics unit
on board LISA Pathfinder. This subsystem consists of a set of fluxgate magnetometer
and induction coils with the ultimate purpose of determining the magnetic force
noise contribution. The experience obtained with the development of the magnetic
diagnostics for LISA Pathfinder helped us to interpret the critical points of the
system. Thus, a much more solid option must be considered for eLISA, due to the
fact that its requirements are more demanding than in LISA Pathfinder.

In Chapter 3, the proposed design of the magnetic field monitoring for the eLISA
mission concept is described. Previous studies have demonstrated that anisotropic
magnetoresistances do not achieve the required sensitivities for eLISA at 1 mHz.
Besides, their behavior at lower frequencies (0.1 mHz) has been hardly explored
before. The aim of this chapter is to design and characterize a magnetic system based
on anisotropic magnetoresistances with appropriate noise reduction techniques in the
sub-millihertz frequency range. In this chapter we present the dedicated research in
order to evaluate if anisotropic magnetoresistances are useful for eLISA in terms of
stability.

eLISA-like space missions require careful consideration regarding the magnetic
contamination caused by the spacecraft’s sources. With respect to this, AMR uses
a physical principle different from fluxgate magnetometers, although both principles
include a magnetic core as a sensor head. Therefore, the magnetic properties of
the device and its impact on the magnetic environment need to be investigated and
quantified. On the whole, the objective of Chapter 4 is to assess the contribution
of the magnetic effects caused by the AMR, sensor array on the total acceleration
noise budget.

By design, the magnetometers cannot be physically placed at the site of the TM,
which is the region where we aim to monitor the field. Then, since direct measure-
ments in the TM location are not available, an interpolation method needs to be
implemented. In Chapter 5 we evaluate the accuracy of the magnetic field map
reconstruction at the test mass with the currently conceived instrumental layouts.
The robustness of the interpolation method is evaluated under different magnetic
scenarios and takes into account common sources of errors in the measurement sys-
tem.

In Chapter 6 an experiment with a novel magnetic sensing technology based
on alkali-vapor cell is developed and characterized. One remarkable advantage in
atom magnetometers is that the sensor readings are related to fundamental physical
constants. As a result, in principle the technology might be less susceptible to
low-frequency changes. Even so, in practical situations there are external elements
that can deteriorate the noise performance along the eLISA bandwidth. A tabletop
optical setup is built with the purpose of evaluating if the magnetometer is suitable
for low-frequency noise applications like the eLISA concept.

Finally, the main conclusions of the thesis and the future work to be undertaken
are discussed in Chapter 7. Supplementary information to the main outcomes of
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the study is included in several appendices at the end of the thesis.
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Chapter 2

Magnetic Diagnostics
Subsystem for LISA Pathfinder

The problem of magnetic sensing in eLISA has naturally been addressed first in its
technology demonstrator, LISA Pathfinder. This chapter describes the main charac-
teristics of the magnetic diagnostics subsystem for the LISA Pathfinder Technology
Package (LTP). This magnetic diagnostics module consists of two main parts, the
magnetic measurement subsystem and the on-board instrumentation for magnetic
field generation. We present the instrumentation and some of the different tests
carried out to validate the hardware according to the mission requirements. We
also describe the principal drawbacks that came up during the development of the
subsystem. Our experience with LISA Pathfinder’s magnetic instrumentation serves
us as the starting point for its counterpart in the eLISA mission, and also for other
space applications beyond the scope of eLISA, such as STE-QUEST.

2.1 Magnetic measurement subsystem

Apart from the strict size, weight and power restrictions required in the design of the
on-board instrumentation for LISA Pathfinder, one of the most relevant constraints
is the long-term stability, which limits the noise performance at low frequencies.
Hence, the magnetic measurement subsystem needs to confirm the fulfillment of the
dc magnetic requirement and the fluctuations at the location of the TM shown in
table 2.1 [183, 180].

The estimated magnetic fluctuations in the spacecraft set the limit of noise level
for the magnetic sensors and the associated readout electronics. That is, the noise of
the subsystem should be at least an order of magnitude less noisy than the maximum
estimated magnetic fluctuations. As a result, the magnetic measurement subsystem
must comply with a noise figure of
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2 Magnetic Diagnostics Subsystem for LISA Pathfinder

1/2 _ w
SB/,system < 10nTHz 1/27 1mHz < % < 30mHz. (2.1)

The noise performance along the measurement bandwidth is the most important
characteristic to be studied since the milli-hertz range is hardly explored and on
rare occasions specified by the manufacturers of sensors and electronics components.
Apart from this, among different requirements, the subsystem is requested to have
a field measurement range of +60 uT and an uncertainty better than 1% for end of
scale [183, 88].

Table 2.1:  dc requirements and estimated fluctuations in the TM locations for LISA
Pathfinder.

dc requirement ASD estimation
IBpg| < 10 uT Sg(w) < 100 nT Hz /2

|V Bpg, 2| < 5v3uTm™? Slv/éx (w) < 250v/3 nTm~! Hz /2

2.1.1 Magnetic sensors

Magnetometers for LISA Pathfinder have been selected among space qualified flux-
gate devices. Fluxgate technology was chosen on grounds of its excellent sensitivity,
low noise and long heritage in space applications, where it has been the preferred
solution in the past decades. The sensor head of a typical fluxgate sensor uses a
sense winding (pickup coil) surrounding a inner excitation coil that is usually wound
around two halves of a high magnetic permeability core (Vacquier-type core in this
case [147]), which is periodically driven into saturation. If there is no external mag-
netic field, the opposite drive currents for each core half cancel out the total flux and
compensate part of the odd harmonics sensed by the pickup coil. In the presence of
any external magnetic field, the second harmonic of the driving frequency induced
in the sense winding is used as a measure of the magnetic field. Based on Faradays’s
induction law, the even harmonic portion of the pickup coil voltage is given by

N 2 Wy
Vo= Vp <]V:> Ma;gHs (2'2)
where V}, is the driving voltage, N, and Ny is the number of turns of the driving
(primary) and sense (secondary) windings, pq is the differential permeability dB/dH ,
() is the second order derivative d?B/dH?, and 1o = pta/(1 + Kpq) is the apparent
permeability of the core to the signal field Hy with a core demagnetization factor of
K [66).
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Figure 2.1: Left: engineering model of the Billingsley triaxial fluxgate magnetometer selected
for LISA Pathfinder. Center and right: mechanical drawing of the inner sensor heads (X, Y
and Z axis).

The selected space qualified magnetometer (TFM100G4) is an ultra-miniature
triaxial fluxgate device designed for high reliability by Billingsley [30]. However, in
spite of being a small sensor within the variety of the low-noise fluxgate family, the
magnetometer is still bulky (94 cm?3) (see Figure2.1), has large ferromagnetic sensor
heads (~ 2 cm long), and the power consumption of each triaxial magnetometer is ~
0.8 W. These reasons led to the placing of only four triaxial sensors at somewhat large
distances from the TMs (> 18.85 cm) in order to avoid back-action disturbances [13].
The locations of the magnetometers in the LISA Pathfinder payload is listed in
Table 2.2 and illustrated in Figure2.2.

Table 2.2: Location of the magnetometers and TMs for a fixed reference frame in the space-
craft. z-axis connects both TM centers and y-axis points towards the solar array (vertical
axis). Units are in meters.

Item b'q y Z
1 -0.0758 0.3694 0.532
Magnetometer 2 0.0758 -0.3694 0.532
3 -0.3765 0 0.532
4 0.3765 0 0.532
Test mass 1 -0.1880 0 0.532
2 0.1880 0 0.532

Some specifications of the fluxgate magnetometer are displayed in Table 2.3. The
principal characteristics of the fluxgate magnetometer within the LISA Pathfinder
terms are: (i) discrimination, which is related to the noise and resolution; (ii) re-
peatability for long-term measurements, where thermal dependences are crucial; and
(iii) accuracy of the measured value along with the offset and linearity.
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2 Magnetic Diagnostics Subsystem for LISA Pathfinder

Figure 2.2: The payload of LISA Pathfinder with the four triaxial fluxgate magnetometers.
Each of the electrode housings (cubic structures) inside the vacuum enclosure (the two
cylindrical towers) encloses one TM at its center (solid gold cube).

Table 2.3: Specifications of the magnetic measurement subsystem for LISA Pathfinder (sen-
sor model: Billingsley TFM100G4).

Parameter Value

Field range (Brange) +60 uT
Temperature coefficient (7'C) (0. éOz%TP{SIjK)
Noise density (S5/%) < 100pT/vHz @ 1 Hy
Input current (Zgupply) < 60mA

Input voltage (Viupply) 24 -34V
Linearity (LSF) 0.015%
Sensitivity 166.7 uV/nT
Offset voltage < 25mV(150nT)
Bandwidth 3.5kHz
Operating temperature —55°C to +85°C
Susceptibility to perming +20nT shift with 0.5mT
Axial alignment <1°

Weight 101 g

2.1.2 Signal processing circuit

The main parts of the electronics of the feedback-type fluxgate magnetometer used
for LISA Pathfinder are shown in Figure2.3. In the analog scheme, an oscillator
produces a waveform at frequency fq = 15kHz as the excitation signal of the core
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2.1 Magnetic measurement subsystem

driver. Besides, another waveform at twice the excitation frequency is generated for
the reference of the phase synchronous detector. The amplitude of the excitation
current produced by the driver must be large enough to lead the whole sensor core
into deep saturation so that the noise and perming effects of the magnetometer are
reduced [170]. These electronics circuits should have low second harmonic distortion
since it can conceal the sensor output signal. After this, the even harmonics of
the drive frequency sensed by the pickup coil are amplified by a resonant circuit
together with an ac-coupled amplifier, demodulated by a phase sensitive detector,
and integrated. Then, the dc output of the integrator is sent to the pickup coil as the
feedback of the close-loop control with the purpose of enlarging the limited linear
range by canceling the field seen by the sensor core. The voltage across the feedback
resistor (Vg,) measured by a differential amplifier is proportional to the detected
magnetic field

_
= R
where Ry, is the feedback resistance and K. is the current-to-field ratio of the
pickup coil. Finally, the signal is low-pass filtered and quantized by an analog-to-
digital converter (ADC) within the data acquisition unit (DAU), which is part of the
data management unit (DMU).

B Ko, (23)
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Figure 2.3: Block diagram of the analog signal conditioning circuit for the fluxgate magne-
tometer.

2.1.3 Performance tests

The qualification of flight hardware for space missions has a rigorous technology
roadmap to be pursued before final acceptance. Regarding the magnetic diagnos-
tics, the validation of the magnetometer performance, which is part of this thesis, has
passed extensive testing according to the science requirements and top-level architec-
ture definition [183], aimed to ensure their functionalities during mission operations.
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In the following paragraphs, some of the results obtained for the most relevant test
campaigns of the magnetic measurement subsystem are described. The magnetic
items include both engineering and flight models of the magnetometers together
with the electronics of the DMU related to the data acquisition of the magnetic
diagnostics [102, 103, 106, 118].

Noise performance

The effective noise of fluxgate-type magnetometers may be partially caused by several
major contributions, such as the difficulty of magnetization of small volumes inside
the ferromagnetic core [170], material and geometry of the sensor core [148, 44|, tem-
perature dependence, long-term stability, thermal/mechanical stresses, characteris-
tics of the excitation field, and many other [139, 138, 149, 126]. At low frequencies,
although it is well known that the noise in fluxgate magnetometers is subject to 1/ f
type power spectrum, the noise specifications of sensors and electronics reported in
the recent literature rarely cover such low frequencies as required in LISA Pathfinder.
The behavior of the low-frequency power spectral density can be approximated by

Se(f) = Swn (1 + ‘ff;) ) (2.4)
where Sy, is the white noise of the sensor, the corner frequency f. tends to be higher
than 1 Hz and « is typically around 1. The last two terms are of critical importance
along the milli-hertz range in our application. Alternatively, the instrument noise
can be described by the root-mean square (rms) noise power, which is obtained by
integrating the power spectral density over a given bandwidth from fy to fi. As a
result, for & = 1 the mean-square noise is given by

2 Ju Ju
Bnrms: SB(f)df:Swn (fH_fL+fcln> . (25)
7 fu fu

For spectra at frequencies below 1 Hz, the model prediction of the noise is based
on the semi-empirical Eq. (2.4) and can only be solved approximately. Hence, a test
campaign was envisaged in order to characterize the low-frequency noise, and in
accordance with Eq. (2.1), verify that the system (magnetometer together with its
associated electronics) is capable of discerning magnetic fluctuations of 10nT Hz /2
down to 1 mHz.

The stability of the external ambient field during the experiment is subject to
the Earth’s magnetic field variations and the environmental perturbations caused by
equipments and ferromagnetic materials. Therefore, due to the fact that the am-
plitude spectrum of the environmental magnetic fields in the laboratory is around
200nT Hz~ /2 at 1 mHz (see Figure 2.4), the measurements of the sensor noise need
to be performed in appropriate conditions of magnetic cleanliness. These variations
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Figure 2.4: Temporal evolution (left) and amplitude spectral density (right) of the environ-
mental magnetic field at the IEEC lab.

have to be reduced to a value lower than 1nT Hz~/2 at 1 mHz in order to discrim-

inate between noise of the system and true environmental fluctuations. In other
words, the external ambient field is required to be shielded at a level better than
46 dB, which is easily obtained by means of a passive enclosure of a high-permeability
material [175, 152]. The shielding factor is given by

Bout
Bin
where Byt is the external magnetic field before placing the shield, and By, is the
residual field inside the shielding due to Boyt. Thus, the magnetometer under test
was placed inside a three-layer cylindrical shield of mu-metal (nickel-iron alloy) to
screen out the slow drift of the environmental magnetic field (see Figure 2.5), mainly
due to the inverse power-law frequency dependence of the Earth’s magnetic field [42].
Various noise measurements were taken with the magnetic shielding placed in the
center of a three-axis Helmholtz coil system in order to achieve higher attenuation.
The intention is that the set of coils compensate the environmental field by generating
an opposite field to that one seen in the surrounding area of the mu-metal enclosure.
However, compensation fields are not necessary for noise performance because of
the ample attenuation ratio of the passive mu-metal shielding (approximately 64 dB
at room temperature in an Earth field of 50 4T [112]). All the runs have consisted
in measurements of at least five hours, which is enough to estimate the amplitude
spectral density (ASD) at 1 mHz. Besides, the data were analyzed after the system
was warmed up in order to avoid extra noise due to thermal dependences.

The procedure to determine the noise performance of the system was split into
two parts; the noise measurements of (i) the sensor itself, and (ii) the circuits of the
DAU included in the DMU. The ASDs of these measurements shown in Figure 2.6 in-
dicate that the requirement is met along the measurement bandwidth. As expected,
the noise of the electronics involved in the magnetic subsystem of the DAU limits

the performance, in particular the main contribution is introduced by the transition
noise of the ADC

Aap = 20logyg

(2.6)
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2 Magnetic Diagnostics Subsystem for LISA Pathfinder

Figure 2.5: Photographs of the experimental setup for the noise performance test of the
magnetic measurement subsystem. Top left: flight model magnetometer fixed to the alu-
minum support before placing inside the shielding. Top right: setup configuration for the
noise measurement of the flight model magnetometer. Bottom left: noise performance test of
the magnetic data acquisition unit integrated in the flight model DMU. Bottom right: idem
as the plot in top right picture for the engineering model magnetometer. In this case, the
magnetometer under test is inside the shielding and an additional magnetometer measures
the environmental magnetic field in the lab.

g1/2 FS 1
=0 —_ T —
B,ADC ADCHN s /—fs,ADC 72

where oapc = 1.3LSB (least significant bit) is the transition noise in rms of the
ADC at worst case, FS = 20 (£10V) is the full-scale analog input range, N = 16 is
the number of bits, fs Apc = 3 Hz is the sampling frequency, and s = 166.7 'V /nT is
the magnetometer sensitivity. This leads to a noise level of 1.9nT Hz /2, in agree-
ment with the one obtained experimentally for both DAUs in Fig2.6.! This noise
floor, which exceeds the noise level measured by the magnetometer, is limited via
the sampling frequency imposed by the spacecraft telemetry[159]. Regarding the

(2.7)

'The ADC quantization noise (FS/(2"s(12fs,apc/2)"/?) = 0.4nT Hz~*/?) is negligible compared
to the contribution caused by the ADC rms noise.
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sensor noise, the 1/f noise of the three curves for each axis scales as f~%% with the
corner frequency around 10 mHz and the low-frequency noise levels are essentially
the same (~ 0.8nTHz /2 at 1mHz). On the other hand, at higher frequencies
the white noise exhibits discrepancies between the different axes by a factor of up
to three. A possible reason for such behavior might be the existence of a higher
residual field than the expected one due to efficiency loss of the magnetic shielding.
However, this possibility seems unlikely since the amplitude attenuation ratio of the
shielding should be more than one order of magnitude lower than the one observed
in the noise measurements. In order to discard this unforeseen residual fields inside
the 3-layer shielding as a possible noise source, another shield assembly of six layers
was used to provide a lower field environment, but even so, the noise floor measure-
ments were identical to the previous one. The same behavior took place when the
orientation of the magnetometer inside the shielding was changed. Therefore, the
noise discrepancies between axes could not be attributed to the magnetic environ-
ment. The discrepancies could be caused by extra intrinsic noise on the y-axis of
the sensors under test, or by the proximity of the y-axis of the magnetometer to the
electronics (see Figure2.1) that can create some magnetic disturbances.
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Figure 2.6: Amplitude spectral density of the magnetic measurement subsystem designed
for the DDS of the LTP. Solid lines indicate the sensor noise for the three axis and blue/red
dashed lines are the ADC noise of the two identical DAUs built in the DMU. All the mea-
surements were performed in a 3-layer shielding except for the solid green trace that used
a 6-layer shielding. The purpose was to dismiss unexpected noise contributions caused by
unshielded field fluctuations. The black dashed horizontal line indicates the requirement.
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On the whole, seven magnetometers (two engineering ones and five flight models)
and two DMUs (one engineering one and one flight model) were tested.? The results
obtained during the activities carried out for noise characterization were reported
and the magnetic measurement subsystem validated according to the requirements
of the DDS specification [117, 104, 105, 107]. It can be concluded that the magnetic
noise of the engineering and flight models of the set of sensors, together with the
acquisition system, comfortably meet the requirements in all the desired bandwidth.

Field range and uncertainty

Standard tests were performed to verify that the magnetic measurement system
fulfills the design specifications required for the mission. In this particular case we
describe the validation of the field measurement range (£60 xT) and the uncertainty
(< £1% end of scale) of the system. The measurements were held in a qualified
calibration laboratory for magnetic measurements at the Universidad Politécnica de
Madrid.

For this setup, the magnetometer was placed in the center of a precision three-axis
Helmholtz coils system fed with currents in the range between £600 mA at intervals
of 50 mA, which is equivalent to £65.21 4T and steps of 5.43uT.> In order to
reduce non-orthogonality errors between the magnetometer axes, the sensor position
is changed after the sweep for each axis run. First, the magnetometer axis under
test is oriented at the East-West coil, and then, the sensor is realigned by getting
the maximum magnetometer output for the bias field of the coil. The magnetometer
readouts and the current applied to the coils were acquired by means of the DMU
and a digital multimeter (DMM), respectively. Figure 2.7 shows the test facility
with the experimental setup for the engineering and flight models. In the former,
the magnetic subsystem was tested as a whole, while for the flight model, the DMU
and magnetometers were verified in separated tests. In this case, the analog inputs
of the magnetometers in the DAU were simulated by a programmable power supply
in the range between =10V, i.e. £60 uT for a sensor sensitivity of 166.7 uV/nT.

Figure 2.8 shows the averaged values for both implementations (EM and FM)
where, as expected, the range of the system covers the values between +60 uT.
The upper limit is truncated by the bipolar operation of the ADC (from —10V to
9.9997 V), though it is in compliance with the range considered in the mission specifi-
cations. We remark that these tests were performed for every triaxial magnetometer
and the twelve analog inputs of both DAUs, and they exhibited the same functioning
as shown in Figure 2.8.

For the calculation of the uncertainty, the experimental setup is the same as in

2During the test with the engineering model of the DMU, only one DAU is included, while in
the flight model both identical DAUs are present and tested.

3The Helmholtz coil system was calibrated by the Physikalisch-Technische Bundesanstalt (PTB)
in Germany. The current-to-field conversion of the coil is 108.69 4T /A.
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2.1 Magnetic measurement subsystem

Figure 2.7: Test facility for measuring the range and uncertainty of the magnetic measure-
ment subsystem. Left: engineering model test including the DMU and the magnetometer
(in the center of the three-axis coil system). Right: test of the flight model DMU using
simulated magnetometer readings.
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Figure 2.8: Range of the magnetic measurement system of the engineering (left) and flight
models (right). Left: the red solid trace shows the magnetometers readings of the DAU
as a function of the applied magnetic field. For the blue dash trace, the offset (Bofiset =
(B4 4+ B_)/2) that includes the residual magnetic field and the offset of the system itself
have been subtracted.

the magnetic field range test. The magnetic field measurements used are those one
closest to the end of scale, and the expanded uncertainty is estimated by

2 2
U1 uo U3\ 2 Uug\ 2
ceefe s () G @ e
\/"+(¢§)+<ﬁ)+ v) T 29
where o is the standard deviation of the measurement for 300 samples, u; = 1.8 nT
is the resolution of the magnetic measurement system, ug = (0.2% reading + 7 LSD) -
108.69 uT/A is the DMM accuracy, uz = 0.122 - 1073 A - 108.69 uT/A = 0.01326 uT

is the uncertainty provided in the certificate of calibration (COC) of the DMM,
ug = 0.08 T is the uncertainty of the Helmholtz coils system, and & is the coverage
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factor. To estimate the expanded uncertainty, the terms u; and uy are divided by
the square root of three assuming uniform distribution, and us and w4 are divided by
the coverage factor indicated in its COC (k' = 2). Then, the square root of the sum
of terms is multiplied by k£ = 2 in order to increase the level of confidence to approx-
imately 95%. The estimation of the uncertainty is based on the recommendation
given in [87].

Table 2.4 shows a summary of the results for the end of scale of the magnetic
measurement system. In order to keep the analog inputs away from saturation but
close to the full scale, the currents applied to the coil were 550 mA for the X and Z
axes and 500 mA for the Y axis. The results obtained during the activities with the
engineering and flight models were reported in [104, 105, 107]. Note that the purpose
of this test is to verify that the uncertainty of the magnetic measurement achieves
the requirements specified for the mission (< 1% eos). However, the estimated
uncertainty is not a definitive value, which can be readily improved by using test
measurement instrumentation with better performance, such as a common 6% digit

DMM.

Table 2.4: Summary results for the field uncertainty of the magnetic measurement subsystem.

Axdis ITeoil Beoil  Bsensor o U U  Acceptance
mA]  [wT]  [pT]  [pT] [pT] [%] < 1% eos

X 550.3  59.81 5878 0.052 0.26 0.45 Pass
-550.3  -59.81 -59.65 0.052 0.26 0.44

v 500.35 54.38 55.04 0.069 0.27 0.49 Pass
-500.35 -54.38 -55.18 0.043 0.24 0.44

7 550.3  59.81 59.61 0.042 0.26 0.43 Pass
-550.3 -59.81 -59.66 0.040 0.25 0.42

On-station thermal test: magnetic measurements

The LISA Pathfinder satellite was examined in a series of space environment tests
conducted at the JABG mbH space simulation/thermal vacuum facilities in Otto-
brunn (Germany) [65, 69]. The primary objectives of the On-station thermal test
(OSTT) are to prove spacecraft performance under the extreme thermal conditions
and to collect data for the thermal model correlation on the LTP core assembly
(LCA) level (see Figure2.9).

In addition to this, the OSTT makes it possible to approve the proper functioning
of the magnetic measurement subsystem integrated in the spacecraft and operated
under space conditions, i.e., with a nominal vacuum below 1074 Pa and heated up
by an array of lamps simulating the solar irradiance perceived by the spacecraft in
orbit. However, the Ottobrunn facility is not magnetically shielded. As a result,
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2.1 Magnetic measurement subsystem

Figure 2.9: On-station thermal test campaign. Left: LISA Pathfinder at the TABG mbH
facilities during the OSTT test. Right: The spacecraft in front of the space vacuum chamber.
Credits: Airbus DS.

the magnetometers monitored the Earth magnetic field during the different thermal
runs. Figure 2.10 shows the amplitude spectral density for the twelve data streams of
the magnetic measurement system at one of the temperature limits expected during
flight, the hot phase at 30.5°C40.5°C. The environmental magnetic noise curves are
compatible with the one measured in our lab in Barcelona (see Figure2.4). Finally,
we conclude that, to some degree, the magnetic measurement subsystem operating in
parallel with the other diagnostics and instrumentation of the spacecraft functioned
as expected.?

2.1.4 Looking into eLISA: main drawbacks of the LISA Pathfinder
magnetic measurement subsystem

The fluxgates on-board the LISA Pathfinder spacecraft are comfortably compliant
with the requirements specified for the mission. However, as far as eLISA is con-
cerned, a number of further improvements need to be considered, which have derived
in the study of alternative technologies to fluxgate magnetometers. Below, some lim-
itations brought on by the voluminous core and performance of the sensor are briefly
described.

Sensor size/weight constraints and spatial uncertainty

Space applications have strict requirements in size and weight, and smaller sensors
allow more of them to be incorporated in the spacecraft, therefore increasing the
accuracy of the magnetic field map reconstruction. At the same time, the deviations

4The noise performance of the magnetic measurement subsystem can not be tested during the
current campaign since the magnetic environment of the spacecraft was not isolated.
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Figure 2.10: Magnetic field fluctuations inside the space vacuum chamber measured by the
four triaxial fluxgate magnetometers (12 channels).

from the foreseen position of the sensor head, known as spatial uncertainty, are also
decreased with the use of a more compact sensor head.

Noise performance

Fluxgates used in LISA Pathfinder have low noise performance. However, noise
curves steeply rise for tinier fluxgate magnetometers [153] and towards lower fre-
quencies. Thus, the development of smaller and yet sensitive magnetometers is a
real must for eLISA. Moreover, the measurement bandwidth for eLISA is extended
down to 0.1 mHz, which increases the complexity of reaching the suitable noise level
at a frequency one order of magnitude lower than that for LISA Pathfinder.

Magnetic-back action

LISA Pathfinder requires detailed knowledge of the local environment generated by
the spacecraft due to the sensitivity of the TM displacement because of the magnetic
environment. As a result, the magnetic signature of the different magnetic sources
on-board the spacecraft, including the magnetometer, was characterized. In particu-
lar, the bulky ferromagnetic material contained in the sensor can be critical. In view
of this, the magnetic characterization of the device was performed and apportioned
by a remnant dipolar magnetic moment of 271 pAm? [34]. Consequently, in order
to avoid magnetic disturbances on the TM location, fluxgates had to be mounted
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far from the TMs (the closest are at 18.85cm), producing poor results in the deter-
mination of the field values at the TM when using classical interpolation methods
(see Chapter 5 for more details). On the whole, magnetometers with sufficiently low
magnetic back-action effects on the spacecraft environment are required to improve
our ability to estimate the magnetic field in eL.ISA.

Perming effect

All the sensors containing ferromagnetic material, such as fluxgates, can be affected
by a residual magnetization of the core when a strong magnetic field is applied. This
permanent magnetism on the device, called perming effect, was observed during the
vibration test of a fluxgate magnetometer [115], in which the sensor showed a large
offset in the z- and z-axis of —1.8 T and —1.2 uT respectively [119]. Perming was
caused by the strong magnetic fields generated by the shaker’s magnet and coil (see
Figure 2.11), which increased the zero offset readings of the instrument.

Figure 2.11: Vibration test facility and degaussing process. Left: the flight model fluxgate
magnetometer under test is placed on the table structure in front of the shaker system.
Right: the magnetometer is fixed onto an aluminum support and placed inside a magnetic
shielding for degaussing purpose after the vibration test.

In view of this setback, a degaussing process was undertaken in order to recover
the initial offset of the damaged instrument. First, the sensor was fixed inside a three-
layer mu-metal chamber equipped with a degaussing coil (see Figure 2.11). Then, an
amplitude-modulated alternating magnetic field was applied by the degaussing coil.
Basically, the initial amplitude of the bias current was increased up to 10 A (5mT),
and after this, decreased at a rate of ~ 0.25 A /s down to zero current. This procedure
was applied in the three axes of the magnetometer. The capability of the method
to demagnetize the vibrated magnetometer was proved by taking measurements of
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the residual internal magnetic field in the mu-metal chamber.? As can be seen in
table 2.5, the post-degaussing measurements are reduced by more than one order of
magnitude for the magnetized axes X and Z.

Table 2.5: Magnetometer readouts inside the mu-metal chamber before and after degaussing.
At the time of this test, SN-01 was the only one vibrated. The data are compared with those
taken with other non-vibrated flight (SN-02, SN-03, SN-04) and engineering model (SN-101)
magnetometers. These measurements are the residual magnetic field inside the magnetic
shielding together with the offset of the sensor (Bmeasured = Bresidual + Boffset). Units are in
volts.

. SN-01
Axis Before  After SN-02 SN-03 SN-04 SN-101
X -0.355 -0.019 -0.035 -0.032 -0.032 -0.014
Y 0.054 -0.006 -0.053 -0.043 -0.045 -0.086

Z -0.204 0.008 -0.029 -0.032 -0.032 - 0.026

To sum up, unexpected offset errors due to the perming effect can lead to inaccu-
racies between the pre-launch and post-launch magnetic field measurements, which
seems to be an usual experience with non-absolute spacecraft magnetometers such as
fluxgate [150]. More details about the influence of the offset errors in the estimation
of the magnetic field is presented in Section 5.4.3.

2.2 On-board instrumentation for magnetic field gener-
ation

As mentioned, the magnetically-induced forces originated by the coupling between
the environmental magnetic field and the remnant magnetic characteristics of the TM
represent an important contribution to the total noise budget, which can be as high as
40%, i.e, 1.2x 1074 ms 2 Hz Y2 out of 3x 10~ ms 2 Hz /2. In order to estimate
and ultimately subtract the magnetic noise and, in addition, to monitor the evolution
of the magnetic field with the magnetometers, we also need to determine both the
magnetic moments and susceptibilities of the TMs accurately. Thus, the estimation
of the magnetic properties must be performed in flight because these characteristics
might undergo variations during launch stresses or commissioning operations. For
this purpose, the magnetic diagnostics subsystem also contains a dedicated unit
that injects controlled magnetic fields with high signal-to-noise ratio by means of
two on-board induction coils. The effects of these fields on the TM motion will be
detected by the on-board interferometric measurement system. Then, an adequate
estimation algorithm is implemented to process this data, determining the magnetic

5The residual magnetic field inside the shielding, usually < 0.3 4T, depends on the external field
strength.
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parameters of the TM, and finally accounting for the force noise contribution due to
the environmental magnetic field [47, 49, 46].

The science requirements regarding the dc values and stability of the controlled
magnetic field and gradient applied to the TMs are summarized in Table 2.6 [183, 88].
In the subsequent sections, the active hardware of the magnetic diagnostics module
designed for LISA Pathfinder and some of the related test campaigns envisaged to
characterize the subsystem are described.

Table 2.6: dc and stability requirements of the controlled magnetic field generation at the
location of each TM. The frequency of the applied magnetic field can range from dc to 30
mHz. By max is the magnetic field applied at the TM center for a maximum required current
of 4mA.

e value Stability
1mHz < w/27 < 30 mHz
Bx,max =18 HT Sll_), 2(&)) <5nT I’IZ_I/2

0B/0By| > 125y Tm™"  Se/p (w) < 12nTm ' Hy1/2

2.2.1 Magnetic coils

The on-board coils, placed next to each of the test masses, consist of two circular
induction coils made out of a titanium alloy (TigAlsV), with N = 2400 windings of
radius 7 ~ 56.5 mm. Ideally, the coils are lined up with the TMs. Consequently, the
magnetic field injected along the TM volume keeps axial symmetry with respect to
the nominal position.® Figure2.12 shows the complete integration of the coil into
the flight model of the LTP, more precisely on the vacuum chamber. As seen also
in this figure, the distance along the z-axis between those coils and the closest test
masses center is 85.5 mm. More details of the coil positions referred to the coordinate
system of the spacecraft are specified in table 2.7.

2.2.2 Controlled current source

The electronics of the controlled current source, which is integrated in the DAU,
is designed to generate quantized sinusoidal peak currents up to 4 mA including a
configurable dc offset, at any frequency from 1mHz to 30 mHz, and with an out-
put rate of 1024 samples per cycle. The different stages of the current source are
represented as a block diagram in Figure 2.13, where the drawing has been divided

5The actual alignment between the coils and the test mass reference frame can impact on our
ability to compute the magnetic force precisely. The main reasons for possible misalignments are
mechanical tolerances and the exact winding accommodation inside the coil structure [134, 135].
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Test Mass

85.5 mm

Figure 2.12: Magnetic coil in LISA Pathfinder. Left: coil integrated in the flight model
inertial sensor housing. Credits: Airbus DS. Right: geometrical reference frame for the
injected magnetic field with its origin at the coil center. Because of the symmetry, the field
has only two distinct components, B, and B,.

Table 2.7: Location of the coils referred to a coordinate system fixed to the spacecraft. TMs
locations is indicated in Table2.2. Units are in meters.

Coils b4 y z
1 -0.2735 0 0.532
2 0.2735 0 0.532

into two main parts: the digital-to-analog chain and the analog processing circuit.
The first part contains two eight-bit digital-to-analog converters (DACs) followed
by transresistance amplifiers (I/V) delivering low impedance output operation. The
output of the first DAC fixes the reference of the second DAC and thus the peak
amplitude of the sinusoidal current applied to the coil. Once the peak value is com-
manded, the second DAC configured with bipolar operation generate the quantized
waveform.” In the analog part of the circuit, the bipolar output passes through a low
pass-filter with a cut-off frequency of 1 Hz. Then, the voltage waveform is converted
to current using an improved Howland current source [62]. Finally, before the elec-
trical current goes to the output, a set of optoelectronic switches is used to configure

"Some calibration measurements were performed in order to characterize the actual relation
between the output current and the digitized values commanded by the DMU (see Appendix A for
more details).
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the coil connectivity in three possible different states: short-circuit, open-circuit or
connected.
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Figure 2.13: Block diagram of the coil’s current source.

As mentioned previously, the stability of the magnetic field and the magnetic field
gradient applied to the TM must be S}B/Q < 5nTHz /2 and Sé/;z <12nTm 'Hz /2
between 1 mHz and 30 mHz [183]. These numbers define the limits of the current
noise level required for the coil source. This requirement has been estimated by
means of a simple calculation based on Ampere’s Law. Therefore, considering the
magnetic field noise requirement and the on-axis distance x between the coil and the
TM center, the current spectral density can be expressed as

gl/2 _ gl/2 dr (1?4 a?)3/?
I Be yoN 2772

(2.9)

Substituting the setup parameters given in the previous section, the current fluctua-
tion must be lower than 1.12 uA Hz /2. For the case of the magnetic field gradient
stability, the maximum noise level of the injected current is estimated by

Sl/g_ 1/2 2 (T2+$2)5/2

= 2.10
I 6BI/8I/L0N 32y ( )

This leads to current fluctuations of S}/ 2 < 110nA Hz /2 across the measurement
bandwidth. It turns out that the magnetic-field gradient requirement is the more
demanding one, which sets the level of noise of the injected intensity for the controlled
current source.

Theoretical low-frequency current noise density for dc signals

Before validating the low-frequency noise performance in the lab, the stability of the
current source for a dc signal has been determined theoretically. Accordingly, the
total noise of the electronics in terms of current spectral density can be expressed
as:

41



2 Magnetic Diagnostics Subsystem for LISA Pathfinder

S}/Q(I7w) = [K22 H?? SI,Stagel + H?? SI,Stage2 + SI,Stage?)]l/2 (211)

where ST stage1 is the power current density of the voltage reference and the first
DAC, S7,stage2 is the noise combination considering the transimpedance amplifier
and the second DAC, S7 stage3 is the current noise power spectral density for the
last stage formed by the second current-to-voltage converter, the low-pass filter and
the Howland current source, and K9 and Hj are, respectively, the responses of the
second and third stages. The design of the current source mainly focuses on the
minimization of the low-frequency noise, but also on other constraints such as current
amplitude, offset current reduction and desired bandwidth. The details of the noise
analysis of the adopted current source are described in Appendix B.

Figure 2.14 shows the noise apportionment for each stage of the whole circuit
for a 1 mA dc signal, which is the maximum current value (peak-to-peak current
of 2 mA) for the proposed in-flight experiment [47]. The dominant contributions
are the Howland current source and the voltage reference (LT1009). Besides, the
DAC gets involved in the noise since its output is the linear combination of the
selected digitized value and the analog input reference. Therefore, for the worst
case, i.e., the full-scale-output of the DAC (digital input = 2554 ), the output noise
is approximately the contribution due to the voltage reference (Sét{azgel ~ S‘l/f)
The estimated values obtained from the noise analysis for the LPF bandwidth are

reviewed in Table 2.8.
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Figure 2.14: Theoretical current spectral density for the different stages of the controlled
current source for a dc value of 1mA.
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Table 2.8: Summary of the estimated noise level for the controlled current source at LISA
Pathfinder frequencies with a constant value of 1 mA. The total noise is calculated as the
quadratic sum of each contribution.

S}/z {HA Hzfl/QJ
@ 1 mHz @ 30 mHz

Circuit stage

Vref + DAC1 40.44 7.38
I/V + DAC2 0.66 0.12
I/V + LPF 4+ HCS 42.30 7.72
Total 58.53 10.69

Theoretical quantized noise of a sinusoidal waveform

As stated above, the second DAC is in charge of generating a sampled sine wave
at frequencies between 1 mHz and 30 mHz. Therefore, the quantization error of the
sinusoidal signal introduced by the digital-to-analog process can be an important
source of noise. The additive noise assuming a uniform quantization and a signal
amplitude greater than the resolution Ay can be modeled by

12 Ag 21 1

S = - P -
La = 12 f, 2N V12 f,

where fg is the sampling frequency, N = 8 is the number of bits of the DAC, and
I, is the peak amplitude of the sine wave. In order to generate the waveform,
the DMU commands the digital inputs of the DAC at a rate of 1024 samples per
cycle. Therefore, the sampling frequencies vary from 1.024 Hz to 30.72 Hz for signals
between 1 mHz and 30 mHz, respectively. As a result, during the on-flight experiment
the maximum quantization noise of 2.22 A Hz /2 is expected for a 1 mHz sinusoidal
waveform with and amplitude of 1 mA.

(2.12)

2.2.3 Performance tests

Several test campaigns were carried out in order to assess whether or not the stability
of the injected magnetic field is in agreement with the calculations and in compliance
with the requirements. The setup utilized to measure these characteristics in the
laboratory is shown in Figure 2.15. For the different runs, the coil was fed by the
DMU, while the HP3457A multimeter measured the intensity through the coil and
the Agilent 34410A acquired the temperature during the test. The validation tests
were put into practice for both the engineering and the flight models of the controlled
current source of the DMU.
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Figure 2.15: Setup for the test campaign of the controlled current source. Right: Clean

room facility for the ac current measurements. Lower right-hand corner: Low-temperature
fluctuations facility used for the low-frequency noise performance test.

Low-frequency noise of the injected magnetic field and magnetic field
gradient

Measuring the stability of the created magnetic field and its gradient, is actually
equivalent to measuring the stability of the electric intensity injected by the current
source. This is, therefore, an electronic test. The setup was placed inside an anechoic
chamber (see Figure2.15) with a quiet thermal environment with the purpose of
reducing temperature effects at low-frequencies. After the warm-up of the hardware,
the data were collected during a period of at least 5 hours for currents up to 4 mA.

In Figure 2.16, the noise measurements for dc currents of 1 mA are compared to
the theoretical results, where the noise spectral density is perfectly compliant with
the mission requirements. Moreover, a good agreement between theoretical predic-
tions and experimental measurements was confirmed. The temperature fluctuations
inside the chamber were lower than 50mK Hz /2 at 1mHz. As a result, extra
noise due to the thermal dependences is not presented across the LISA Pathfinder
bandwidth. See Appendix C for details of the estimation of the thermal coefficient.

The estimation of the off-axis field fluctuations created from the experimental
current noise ¢ was calculated from classical expressions[83]. Assuming a coil of
radius ¢ = 56.5mm, and N = 2400 turns, the result can be expressed as

po Nmwa?i k [1 k? )
By(x,p) = M0 AL Bmwy| - 2 B2 ), 2.1
@p) = R T )| - LB, (213
_ po Nma*i k = 1—k%/2
By(z,p) = ir (ap) 7 a [—K(k)‘i‘l_kgE(k) ; (2.13b)

where
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Figure 2.16: Noise measurements for a constant intensity of 1mA. The two controlled
current sources are allocated in both DAUs (DAU1 and DAU2), which are part of the DMU.
Theoretical noise (black trace) and requirements (black dashed trace) are also shown.
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and

/2 w/2
K(k:):/o (1 — k?sin? ¢)~ Y2 dg, E(k;):/o (1 —k%sin? )2 dg, (2.15)

are elliptic integrals of the first and second kind, respectively. Therefore, according
to the noise experimental results, 50 nA Hz=1/2 at 1 mHz, the map of the field and
gradient fluctuations generated by the induction coil within the volume of the TM
is shown in Figure2.17. On the whole, the stability of the magnetic field and the
magnetic field gradient applied by the coil to the TM are compliant with the mission
requirements, i.e., 5113/2 < 5nTHz /2 and Ségx/ax < 12nTm ' Hz /2 between
1mHz and 30 mHz.

Spectra of quantized sinusoidal waveforms

In this case, the in-band quantization noise when an sinusoidal current is generated
by the DAC was measured in the laboratory. As in the previous setup (see Fig-
ure2.15), the coil was connected to the DMU and the current intensity data were
taken by using a DMM with a sampling frequency of 40 Hz.
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Figure 2.17: Fluctuations of the magnetic field (left) and its gradient (right) across the TM.
The black rectangle is one half the area of the TM. Because of the axial symmetry of the
field about the z-axis, the other half of the TM was omitted. z is the distance on-axis to
the coil center and p is the distance to the coil’s axis.
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Figure 2.18: Spectra of the quantized sinusoidal signals measured by the flight model DMU
(DAU1 and DAU2). The dashed black line represents the current stability requirement.

Figure 2.18 shows the spectra of sine waves of 1 mA at 1 mHz. The experimental
results for both DAUs match the simulated signal constructed by the two eight-bit
DACs. As expected, the noise floor due to the quantization effect is above the dc
current stability requirement for the mission. However, the high signal-to-noise ratio
is still sufficient to allow a good estimate of the magnetic properties of the test
masses [49]. The 1 mHz signal was sampled by the DMU to 1.024 Hz. Consequently,
harmonics at this frequency and its multiples appeared due to the sample rate of the
signal.
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2.2.4 Looking into eLISA: improvements on the on-board instru-
mentation for magnetic field generation

Further improvements need to be accomplished for the controlled current source for
eLISA. However, they are not so critical as in the case of the magnetic measurement
subsystem. Once the different electronic noise contributions are disentangled, the
main drawbacks can be readily improved with some modifications on the design of
the electronics circuits.

Low-frequency noise current source

The instrumentation for the magnetic field generation on board LISA Pathfinder
is comfortably compliant with the requirement specified for the mission. However,
the low-frequency noise of the present design does not achieve the required perfor-
mance at the lower end of the eLISA bandwidth, i.e., 0.1 mHz (see Figure2.16). On
account of this, a low-frequency noise study for different current source typologies
was performed. The reader can find more details about the noise analysis and mea-
surements in Appendix B and Section 6.3.1. Lastly, the best option for eLISA is the
floating-load current source topology, which exhibits a low thermal coefficient and
slightly better noise characteristics across the measurement bandwidth. Figure 2.19
shows the current spectral density for the floating-load current source compared to
the one used in LISA Pathfinder.
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Figure 2.19: Improvements on the controlled current source for eLISA. Left: current spectral
density comparison for improved Howland and floating-load current sources with a constant
current of 4 mA. Only the voltage reference (LT1009) and the current source typology were
considered for the analysis (DACs, I/V converters and low-pass filter were excluded). Right:
theoretical estimation of a quantized sinusoidal signal when using a eight-bit DAC (green)
or a sixteen-bit DAC (red).

The other important contribution comes from the voltage reference. In this case,
the motivation for choosing references with better low-frequency noise characteristics
(lower noise floor and 1/f corner frequency) would noticeably improve the noise
curve.
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2 Magnetic Diagnostics Subsystem for LISA Pathfinder

Quantization noise

The quantization noise is the dominant source when a sinusoidal signal is applied.
This contribution is even above the dc current stability requirement. However, its
reduction is straightforward by using a DAC with higher resolution in the second
stage of the circuit (see Figure2.13), which is in charge of the sampled waveform.
Figure 2.19 shows the spectra comparison of a sine wave of 1 mA at 1 mHz generated
for an eight-bit DAC and a sixteen-bit DAC.
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Chapter 3

Design of a Magnetic
Measurement Subsystem with
Magnetoresistances for eLISA

The study presented in this thesis about magnetic sensing with anisotropic magne-
toresistive sensors (AMR) shows that the technology is suitable for low-frequency
space applications like the eLISA mission. Low noise magnetic measurements at the
sub-millihertz frequencies were taken by using different electronic noise reduction
techniques in the signal conditioning circuit. We found that conventional modula-
tion techniques reversing the sensor bridge excitation do not reduce the potential
1/f noise of the magnetoresistors, so alternative methods such as flipping (sensor
magnetization reversal) and electro-magnetic feedback are necessary. In addition, a
low-frequency noise analysis of the signal conditioning circuits has been performed
in order to identify and minimize the different main contributions from the overall
noise. The results for chip-scale magnetoresistances exhibit similar noise along the
eLISA bandwidth (0.1 mHz—1 Hz) to the noise measured by means of the voluminous
fluxgate magnetometers used in its precursor LISA Pathfinder mission. The work
presented here has been proposed as well as part of the magnetic field monitoring
system of the space atom interferometry within the STE-QUEST mission concept [9].

The chapter is organized as follows. Section3.l summarizes the state-of-the-
art of magnetic sensing technologies. Noise requirement of the system is depicted in
Section 3.2. In Sec. 3.3 a brief overview of the noise reduction techniques is explained.
In Sec. 3.4 we analyze the noise and thermal contributions of the sensor and signal
conditioning circuits to the overall noise. The experimental results are presented in
Sec. 3.5, and finally, the main conclusions are drawn in Sec. 3.6.
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3 Design of a Magnetic Measurement Subsystem for eLISA

3.1 State of the art

The survey of magnetic sensors presented herein is grounded on the constraints
described in Section2.1.4 and on the standard requirements for spacecraft-borne
magnetometers, such as mass, power, and the effects of the exceptional space envi-
ronment on the sensor. Table 3.1 shows a summary of cutting-edge commercial-off-
the-shelf (COTS) sensors and new prototypes that can be, in principle, available for
the design.

Table 3.1: State of the art of miniaturized magnetic sensors suitable for space applications.
Since the low-frequency bandwidth required for eLISA is rarely covered in the literature,
noise spectral densities are displayed at 1 Hz.

Sensor Range  Noise Density Sensitivity Package size
(wT] [nT/vHz] @ 1Hz [mVmT~!] [mm X mm (X mm)]
PCB-FG  +50 0.02 120000 33.5 x 15.6 x 0.9 [84]
. £900 2.48 1089.2 4.65 x 5.04 [38]
MicroFG = 2.6 423 2.5 x 2.5 [109]
AMR +200 0.18 160 (i, =5V) 4 x11.3 x 1.7[174, 77]
GMR 150 3 36 (V, =1.2V) 6 x 4.9 x 1L.37[174]
3.8 B 3 x3x0.75[137]
TMR +2600 0.33 164 (V, =3.3V) 16 x 8 [111]
GMI +100 0.035 100000 22.5 x 3[54]
MI +17 0.003 68000 (Vi =3V) 10 x 0.8 x 0.5 [181]
+20 0.005 2400 1.7 x 3.3 x 4.5 [169, 86]
CSAM — 0.0002 -~ 750 mm? [129)

Fluxgate magnetometers were the preferred technology in many satellite mis-
sions [7]. However, classical fluxgate sensors are too large and their miniaturization
compromise the overall performance. Typically for large enough sensors, 1/f noise
decreases as much as the square root of the volume assuming additive noise, although
this does not apply at very small sizes since an individual contribution can domi-
nate the total noise[79, 151]. Micro-fluxgate magnetometers present encouraging
noise performance for chip scale devices (2.48nT Hz/ 2), although not better than
AMR of similar size (0.18 nT Hz'/2)[38, 109, 174, 77, 154]. On the contrary, PCB
fluxgate achieves similar characteristics in term of noise to the conventional fluxgate
(0.02nT Hz/?), but they are still too bulky [84].

Magnetoresistance devices, such as AMRs and giant magnetoresistances (GMRs),
offer very competitive characteristics when size is a limitation. A more recent tech-
nology based on the tunneling magnetoresistance (TMR) effect [132, 64] has higher
sensitivity than AMRs and GMR sensors [137]. The main drawback is that the intrin-
sic noise level of TMRs (3.8 nT Hz'/?) without electronic noise reduction techniques
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3.2 Noise requirement of the magnetic measurement system

exceeds that of AMR devices at frequencies around 1 Hz [137].

Excellent performance in terms of noise and sensitivity, which could compete with
fluxgate magnetometers, has been achieved with highly sensitive magneto-impedance
(MI) and giant magneto-impedance (GMI). Latest research shows that the technol-
ogy could reach noise level below 40 pT Hz /2 [54, 181]. However, excess noise caused
by the large temperature offset drift (340 nT/K) [113] is critical for applications re-
quiring long integration time, such as eLISA.

As stated along this section, solid state magnetometers exhibit a dominant 1/f
noise behavior. Regarding this, chip-scale atom magnetometers (CSAM) have an
advantage over the aforementioned sensors because they are absolute sensors, i.e.,
the magnetic field measurement is related to fundamental physical constants [36].
As a result, atomic magnetometers might be more immune to long-term drifts that
contribute to the low-frequency noise. Integrated magnetometers based on this tech-
nology demonstrates a noise level of 5pT Hz~'/2 at 1Hz[169)].

All in all, AMR is the preferred option as it presents a good trade-off between
noise and volume compared to the other technologies [174]. Other important motiva-
tion for the choice of an AMR sensor is the previous experience in space qualification
test campaigns and in small space missions [50, 130, 157, 33].

3.2 Noise requirement of the magnetic measurement sys-
tem

The main characteristics of the magnetic measurement system to be addressed
were described in Section2.1.4. Regarding the noise performance for the lower
end of the eLISA bandwidth, magnetic field fluctuations across the TM are ex-
pected to be dominated by a time-varying interplanetary magnetic field no lower
than 100nT Hz~'/2 [167, 25], while the spacecraft’s magnetic sources are expected
to be the main contributors to the magnetic field gradient fluctuations [80]. There-
fore, to be on the safe side, although eLISA requirements at subsystem level and the
distribution of the magnetic sources in the spacecraft are still not formally defined,
the noise performance of the magnetic measurement system should be at least one
order of magnitude less noisy than the expected interplanetary magnetic noise to be
measured. This implies a sensitivity in the measurement system of
S om < 10nTHz Y2, w /27 = 0.1 mHz. (3.1)
The reason for using AMR sensors as an alternative to the LISA Pathfinder
scheme with fluxgate magnetometers, is the mass, size and power restrictions for
space applications [50] (see Figure 3.1). Besides, the AMR-type HMC1001 [77] presents
the lowest noise level among different commercial magnetoresistive sensors [174].
Nevertheless, an important disadvantage of the AMR technology is the intrinsic
1/f noise that limits its use for low-frequency applications [182]. Extensive research

51



3 Design of a Magnetic Measurement Subsystem for eLISA

was conducted on this topic at frequencies between 0.1 Hz and 10kHz. However,
to our knowledge, the noise performance of the sensor and its electronics has not
yet been explored in the lower end of the eLISA bandwidth (0.1 mHz). A recent
work has shown a noise level of ~ 100nT Hz~'/2 at 1 mHz [33], which clearly exceeds
the value in Eq. (3.1). For these reasons, in this chapter we study the low-frequency
noise behavior of a prototype based on magnetoresistive sensors with dedicated noise
reduction techniques, which are necessary to achieve the envisaged magnetic noise
level for eLISA.!

Figure 3.1: Fluxgate magnetometer used in LISA Pathfinder and AMR, sensor proposed for
eLISA. Size of the AMR is specified in Table 3.1.

3.3 Noise reduction techniques

The intrinsic noise characteristics specified by the manufacturer of the magnetore-
sistors [77] are non-compliant with the requirements. For this reason, different elec-
tronic noise reduction techniques need to be assessed in order to minimize the sensor
noise level in the eLISA frequency band. This section describes the methods to be
studied.

3.3.1 Flipping

AMR sensors contain a thin film composed of a nickel-iron alloy with magnetic
anisotropy. They have a sensitive axis to the magnetic field, the hard axis, and
another axis aligned with the sensor magnetization called the easy axis. Taking ad-
vantage of these properties, the flipping technique entails the periodic flip of the in-
ternal magnetization of the sensor strips by applying switching field pulses (set/reset
pulses) generated by a thin film conductor, which is wound around the active area
of the sensor [72]. The change of the magnetization direction induces the reversion

IFor a hypothetical more demanding scenario, a parallel study was performed in Chapter 6 using
an atomic magnetometer [123].
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3.3 Noise reduction techniques

of the output characteristic; as a result, the sensor output signal is modulated at the
frequency of the switched pulses. Then, magnetic field measurements between each
set and reset pulses are taken and subsequently demodulated. This sequence makes
it possible to subtract the bridge offset, and its related temperature dependence,
since the offset voltage remains unchanged while the sensor output reverses the po-
larity. Figure 3.2 shows the opposite slopes in the output characteristics after the
set and reset pulses, and the following offset voltage extraction for different bridge
voltages. In addition, the main advantage of performing modulation techniques by
using flipping pulses is the reduction of the 1/f noise within the desired bandwidth.
Another advantage is the recovery of the output signal degradation induced from
strong external magnetic fields (> 300 uT), which resolves an important drawback
of magnetometers that use ferromagnetic core, such as fluxgates.
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Figure 3.2: Response of the sensor to the flipping technique. Left: magnetic alignment of the
permalloy thin film domain structure using set/reset pulses. Right: output characteristics
as a function of the magnetic field after a set (yellow trace) and reset (green trace) pulse
with Virigge = 10V. Bridge offset extraction is performed for Viriqge = 10V (blue trace) and
Viridge = 5V (red trace).

3.3.2 Electro-magnetic feedback

In order to minimize the coupling between temperature and magnetic field output,
the thermal dependence needs to be actively compensated during operation. Since
the temperature drifts of the sensor sensitivity show up as a gain error in the mea-
surement, a feedback controller is devoted to maintaining the bridge output close
to zero, i.e. in balanced bridge condition, so as to reduce the thermal effects. By
using electro-magnetic feedback, an integrated coil involved in the closed-loop con-
troller induces an opposing field to counteract the field component detectable by the
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3 Design of a Magnetic Measurement Subsystem for eLISA

sensor. Then the current flowing through the compensation coil together with the
current-to-field conversion of the coil give the magnitude of the magnetic field mea-
surement. This method is particularly useful at low frequencies where temperature
drifts become more significant in the overall sensor noise.

3.4 Front-end electronics

The core of the magnetometer consists of a Wheatstone bridge made up of four
magnetoresistors with Barber-poler structures for output linearization [73]. Then,
the resistance-magnetic field dependence of the AMR can be modeled as

2
Ravr = Bypn + AR%; 1-— (%{?) , (3.2)
where Ry, is the nominal resistance of the magnetoresistive element, AR is the
maximum change of resistance in response to the magnetic field, By, is the measured
field (perpendicular to the easy-axis), and By is the total anisotropic field determined
by the material and geometry of the sensor. Consequently, the output voltage of the
Wheatstone bridge with four identical magnetoresistive elements varying in opposite
directions is given by

Vo=W

AR Bu || (Bm>2
Ry n By By )’
where V4, is the bridge voltage excitation.? Then, the sensitivity dV,/d By, along the
linear behavior of the bridge output characteristics (By, < Bp/2) is

(3.3)

ALY (3.4)

The second term in Eq. (3.2) is the change of resistance due to the magnetic field

ARy, =AR— /1 — | —=— | ~AR—. 3.5
b By < By ) By (8:5)
Substituting By from Eq. (3.4) and replacing in Eq. (3.5) gives
Ry n B
ARy = Sb‘b;i’ = SAMR Rb,n By, (36)
b

where saMR is the sensitivity of the AMR.

The output signal of the Wheatstone bridge is amplified, low-pass filtered, sam-
pled and digitally demodulated. Figure3.3 shows the analog signal conditioning
circuit for the magnetic field sensing with the flipping method.

2Reverse diagonals of the resistors bridge have AR with opposite sign.
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Figure 3.3: Analog signal processing scheme for the flipping method.

The flipping generator circuit performs short set/reset pulses (7 ~ 1 us) with
peaks of 3.3 A along a strap of 1.5Q.3 Although the circuit delivers high current
peaks, the duration of the pulses is so short that the energy stemmed from the
charged-up capacitor is very small (E = 0.5C V? = 2.75uJ for C = 0.22 uF). The
flipping frequency f; has been set to 5.5 Hz, enough to reduce the 1/f noise of the
instrumentation amplifier (IA) by modulating the signal from the magnetometer.
The selected modulation frequency is a trade-off among the 1/f noise reduction,
the effects on the magnetic and thermal disturbances produced by a more periodic
switching signal, and the transient response after the pulses. Magnetic field mea-
surements are acquired 10 ms after each set and reset pulses, so that all the flipping
currents have died down below the micro-ampere level, and the low-pass filter set-
tling time has elapsed. Therefore, glitches and transients in the immediate times
after the flipping pulses are not seen by the analog-to-digital conversion process.

The analog signal conditioning for electro-magnetic feedback, together with the
flipping method, is shown in Figure3.4. The electro-magnetic feedback circuit is a
closed-loop controller, in which a current regulator feeds the compensation coil with
the measured magnetic field. In order to force the sensor output signal to zero, which
is the remaining error, an integrator is required in the control loop. The measured
field magnitude is represented as voltage, which is proportional to the compensation
current.

3.4.1 Low-frequency noise analysis

The noise of the system can be split into two different parts, one coming from the
intrinsic 1/f noise presented in the magnetometer itself and the other one coming
from the signal conditioning circuit. In the following lines, we describe the main
noise sources in the whole system.

The first stage of the circuit is the magnetic sensor constituted by a magne-

3The peak current of the set/reset pulse can be defined between 2 A and 3 A, which is enough to
align the magnetic domains of the magnetoresistive elements along the easy axis.
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Figure 3.4: Analog signal processing scheme for electro-magnetic feedback together with
flipping.

toresistive Wheatstone bridge configuration. The nominal value of the resistors is
Ry, = 8502 and the bridge output sensitivity is s, = samrVp = 136 uV 7 At
where savr = 32V V™ T~ is the AMR sensitivity and V4, = 4.25 V is the
bridge voltage. Hence, the white-noise floor caused by the Johnson noise of the
bridge resistances at 300 K is

S\ur. 7 = VAkeT Rypn = 3.75 0V Hz V2, (3.7)

where kp is the Boltzmann constant. The voltage noise from the sensor is con-
verted to equivalent magnetic field noise referred to the input dividing by the bridge
sensitivity

1/2

1/2 - SAMR, T
BaMmr, T

=276 pT Hz Y/2. 3.8
saMr Vb P (38)

From this equation and assuming additive noise, the higher the sensor sensitivity or
the bridge voltage the lower the equivalent magnetic field noise. At low frequencies,
the corner frequency of the 1/f noise is around 60 Hz, which leads to a sensor noise
level of 21 nT Hz~'/2 at 0.1 mHz. So, only the low-frequency contribution from the
AMR is sufficient to exceed the requirements given in Eq. (3.1).

As described further on in the text, apart from the intrinsic 1/f behavior, the
contributions due to the thermal drifts deteriorate the noise performance. In order
to overcome these limitations, the scheme shown in Figure 3.4 was implemented. The
block diagram considering the most relevant noise sources is given in Figure 3.5, and
the closed-loop response of the system is

Kequnt(S)
1+ Hoc(s) + Keq - Keoil - Llint(S)7

where Kq is the product of the bridge sensitivity s}, and the instrumentation ampli-
fier gain, Ko is the gain of the voltage-to-current converter (4 mA V~!) multiplied

Vo(s) = Bi(s) (3.9)
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3.4 Front-end electronics

by the compensation coil ratio (1.96 uT mA~!), and Hiy(s) and Hoe(s) are the trans-
fer functions of the integrator and offset compensation.

AMR+IA noise Integrator noise
Bi(s) Vols)
! + Keq CP * + Hint(s) ’—>O
HOC(S) 3
TOC noise
KcoiI L
V/I noise

Figure 3.5: Block diagram of the analog signal processing with electro-magnetic feedback.

Concerning the noise contributions of the signal conditioning circuit, the ap-
portionment of the bridge drive circuit is negligible compared with the sensor noise.
Besides, ratiometric measurements[144] are performed in order to reduce drifts, noise
or interference in the analog-to-digital conversion process. Hence, the voltage refer-
ence of the analog-to-digital converter (ADC) is also employed to drive the bridge.
Afterwards, the bridge output is amplified by a space-qualified low-noise instrumen-
tation amplifier (AD524) with a gain of 100 V V™!, The output noise introduced
by this stage considering the closed-loop transfer function (see Figure3.5) can be

modeled as
S| (105 ) v (14550 ) B

Keq “ Hing 2 (3 10)
1+ Hoc + Keq : Kcoil . Hint ’ '

X ‘

where e, 1o =710V Hz1/2, in, 1A = 350 fA Hz /2, fe, en =3 Hz and fc ;, = 30 Hz
are the input voltage/current spectral densities and their respective corner frequen-
cies describing the noise characteristic of the IA. The signal from the magnetometer,
i.e., the input signal to the amplifier, is modulated by applying flipping pulses. As a
result, the noise level of the TA is the one at the frequency of the modulating signal.
For the AD524, the equivalent magnetic field noise with a modulating signal of only
5.5 Hz is 64 pT Hz~'/2, thus fully compliant with the system requirements.

The phase sensitive detector is synchronized with the flipping pulses by using an
analog switch, which alternates the sign of the unity gain amplifier in order to rectify
the modulated signal. The noise contribution for both configurations (inverting and
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3 Design of a Magnetic Measurement Subsystem for eLISA

non-inverting amplifier) are not critical in the overall noise of the signal conditioning
circuit. After the rectifier circuit the signal is demodulated and then integrated (see
Figure 3.6). The output noise for the integrator is given by

2 2, 2p2 2 fi ? 2 fi 2 2 12 Ji 2
eo,Int = (en + ZnRZ,int + €t2,int) I+ (= + 6tl,int r + Zan,int 3
f f /
1+ H, 2
x‘ + Hoc , (3.11)
1+ Hoc + Keq : Kcoil . Hint
where fi = 1/(27R1intCt), €t1,int and e ine is the thermal noise voltage of the

resistor Ry int and Raine (both of 10kQ), €2 = e2,(1 + fee/f) and i2 = i2.(1 + fui/f)
are the amplifier input noise in terms of power voltage and power current density.
The noise parameters of the op-amp are the noise floor (e, = 3nV Hz Y2 and
int = 0.4pAHz /2) and the corner frequency (fee = 2.7Hz and f; = 140 Hz).
Hence, the equivalent output noise of the integrator is around 51 pT Hz /2 at
0.1 mHz.

Ro.int e2,int ®inn

Figure 3.6: Demodulator and integrator circuit with the main contributions considered for
the noise estimation.

In addition, an offset compensation integrator is also used between the output and
the reference terminal of the AD524 in order to extract the offset of the modulated
signal. The noise contribution of this circuit is not critical along the measurement
bandwidth since the signal is still modulated at this stage.

The last stages in the closed-loop circuit are the current source to drive the com-
pensation coil and the ADC to measure the output voltage, which is proportional
to the measured magnetic field. A floating load topology has been implemented
on grounds of its simplicity and low-noise performance. Assuming a typical com-
pensation coil ratio of 0.51 mA uT~!, the estimated equivalent magnetic field noise
applied by the compensation source is 4 pT Hz~/2 at 0.1 mHz. This value is negligi-
ble compared with the intrinsic noise of the sensor itself (21 nT Hz~'/2 at 0.1 mHz,
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3.4 Front-end electronics

see Figure3.7). Regarding the ADC (ADS7809), the manufacturer gives a maxi-
mum rms noise of 1.3 LSB (least significant bit). This leads to a spectral noise
density of 1.3q/\/fs/2 = 1.4 uV Hz='/2 (11 pT Hz~'/?), where ¢ is the ADC voltage
resolution for a 16-bit ADC with a full-scale range of 10V (£5V). This contribu-
tion dominates over the ADC quantization white noise ¢/1/12fs/2 = 0.3 uV Hz~1/2
(2.5pT Hz~1/2).* Since the low-frequency noise characteristics of the ADC are not
given by the manufacturer, the corner frequency of the 1/f noise were found by
experimental fit to the data at 10 mHz.

Figure 3.7 shows the theoretical output spectral noise density for the different
stages of the signal conditioning circuit. As expected, the most important contri-
bution at sub-millihertz frequencies is clearly the intrinsic 1/f noise of the AMR
sensor, which is foreseen to be minimized in the experimental results by the flipping
technique. We remark that although the 1/f noise of the sensor can be reduced,
it cannot be eliminated and is envisaged to continue being the dominant source in
the overall noise of the system. In particular, the resistors in the bridge still suf-
fer at long times from a 1/f behavior, and the ac modulation of the bridge output
does not totally eliminate it. On the other hand, the electronic noise sources from
the signal conditioning circuits are well below the magnetic requirement along the
measurement bandwidth. This makes it possible to unveil the noise improvement
of the sensor itself when utilizing the different noise reduction techniques. The TA,
ADC, and Johnson noise of the magnetoresistances can limit the noise performance
at frequencies higher than 1 Hz, thus outside the eLISA bandwidth.

10
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— 10_9 [ = = -Demodulator
E. = - -Integrator
o TTe- —Feedback source
107 e T Ane

10 10 10 10 10 10 10
frequency [Hz]

Figure 3.7: Theoretical equivalent magnetic field noise of the signal conditioning circuit
using the flipping technique together with electro-magnetic feedback. Noise contribution of
the AMR (green solid trace) shows the intrinsic noise of the sensor without flipping excitation.
Its noise reduction due to the modulation technique is estimated experimentally in Sec. 3.5.

4White noise assumption is true when the quantization error is not correlated to the input
signal [29].
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3.4.2 Temperature coefficient analysis

The optimization of the thermal dependences in the sensors and the signal condition-
ing circuit is critical since slow temperature drifts may show up as a low-frequency
noise contribution. Omne of the more sensitive elements to thermal changes is the
resistors forming the Wheatstone bridge. Assuming the worst-case condition, the
temperature coefficient (TC) of the bridge output voltage is

RiRs R3Ry
~ 2V . 3.12
Qap b |:(R1 —|—R2)2 (R3 n R4)2:| QR,AMR ( )
AR?
=1 <1 - R2b> -ar,AMR ~ W - QR AMR, (3.13)

where ar amr = 0.25%K™! is the TC of the AMR. From Eq.(3.6), the bridge
resistances Ry, , change by an amount AR}, = saMr b nBm = £1.088 Q2 for a sensor
range of £40uT. Ry = R4y = Ry, — ARy, and Ry = R3 = Ry, + ARy, are the
magnetoresistive components shown in Figure3.4. Therefore, the maximum TC of
the Wheatstone bridge is 10.6 mVK~! and the equivalent magnetic field noise is
given by

Qap 1/2
Sy (w)=—"P _.§g w), 3.14
Hwe() = 2 S (@) (3.19)
where S;/ ZAMR is the thermal fluctuations in the magnetometer location. The ther-
mal environment is not yet determined for eLISA, but the temperature fluctua-
tions inside the satellite are expected to be lower than those required for LISA
Pathfinder (S%/ QLPF < 0.1KHz"'/?). This leads to an equivalent magnetic field

noise of 7.8 T Hz~ /2, which is much larger than the noise level defined in Eq. (3.1).
In view of the high thermal dependence of the AMR, flipping and electro-magnetic
feedback are used to reduce the thermal drift effects in the sensors.

With the flipping scheme, each magnetic readout is the average difference between
two consecutive measurements (Vo,sgE and Vo,reset) with opposite polarization

1
‘/0 - 5 (%, set — V;), reset) . (315)
Thus, the effect due to the temperature changes is now given by
AR
ap >~V i ® g, AMR, (3.16)
b,n

where «y,, assuming the worst-case condition and a full unbalanced Wheatstone
bridge (full-scale range), is reduced to 13.6 xVK™! (0.1 xTK~!). Then, the equiva-
lent magnetic field noise given by Eq.(3.14) is 10nT Hz /2, which barely achieves
the requirements.
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When a constant voltage source feeds the bridge, the temperature dependency
of the bridge resistance will vary the bridge output as

VAR,
Ry(1+ ag amrT)

Vo = (3.17)
for a worst-case error. By contrast, temperature sensitivity can be improved by us-
ing a constant current source instead, since variations in the resistances are partly
compensated with changes in the voltage across the bridge. Then, the sensor out-
put is equivalent to the constant current V, = I, AR}, and the thermal stability is
improved. Nevertheless, the AMR sensitivity also changes with temperature due
to the energy-band structure of the magnetic material [191]. The error due to the
temperature dependence of the sensor sensitivity is then IposensAR, = 3.3 4V K—!
(24nTK™1), for agens = 0.06 %K~ and a full-scale range of £40 uT. Thermal fluc-
tuations during laboratory measurements are around 1K Hz~'/2 at 0.1 mHz. Thus,
as shown in Figure 3.8, temperature dependences appear as additional noise at low
frequencies when using exclusively the flipping technique. As explained before, this
effect is reduced by using a negative closed-loop that follows a null ARy, to keep the
bridge balanced. As a result, the gain errors barely affect the measurement.
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Figure 3.8: Equivalent field noise contribution due to thermal fluctuations in the laboratory

using flipping technique at full-scale field range. Thermal contributions were estimated with
constant voltage source (5’113/2 =01-107¢- S;{QAMR(W), left vertical axis) and constant

current source (Sg2 =24-1077 - S;{QAMR(w), right vertical axis) for the bridge excitation
(see text for details).

The TCs for the different stages of the circuit are compared in Table 3.2, where
thermal drifts of the operational amplifier parameters (bias current, offset current,
and offset voltage) can be neglected. On the whole, temperature dependences of the
sensor, more precisely the TC of the magnetoresistance and bridge sensitivity, are
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3 Design of a Magnetic Measurement Subsystem for eLISA

the largest thermal contributors of the system. More details about the theoretical
analysis of the TCs and errors can be found in Appendix D.

Table 3.2: Temperature coefficients referred to the input for the stages of the electronics
in which flipping and electro-magnetic feedback techniques were used. Iy AR}, is the bridge
output voltage, ag = 0.6ppmK~™!, agia = 25ppmK~!, ac = 30ppmK~!, and aapc =
7ppm K~

TCry = krcARyn

Source krc
[V/K]
WB resistor _5
(volt. source) aR,AMRVb/RbARb 1.3 x 10
WB sensitivity OsensIb ARy, 3.0x 1076
Bias source arlL, ARy, 3.0 x 107?
IA gain drift acialb ARy 1.3x 1077
compensation (aR + ac) LAR, 15x10
Demodulator arlL, ARy, 3.0 x 107?
Integrator (o} +a2)V2L, AR, 1.5x 1077
Compensation ardu ARy 3.0 x 10-2
source
ADC aapclhb ARy 3.5x 1078
Totaly —source 5 1.3x 107
Totalr_souce VTG 3.0 x 10

3.5 Results: low-frequency magnetic noise spectral den-
sity

3.5.1 Low-frequency noise: stray field measurements

Low-frequency noise measurements for characterizing the system were taken by plac-
ing the device inside a three-layer mu-metal shielding. A bias field inside the shielding
was not applied for these runs. Therefore, a low residual field around ~ 20nT was
measured by the sensor. Lock-in and flipping noise reduction techniques at differ-
ent modulation frequencies (5.5 and 10Hz) were carried out by using voltage (5
and 10V) and current sources (5mA) to supply the sensor. Figure3.9 shows the
equivalent magnetic field spectral density measured by the system, where ac bridge
excitation using lock-in amplification does not improve the potential 1/f noise of
the magnetoresistors. Nevertheless, the flipping scheme helps to reduce part of it
across the desired bandwidth. This contribution cannot be totally mitigated and the
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3.5 Results: low-frequency magnetic noise spectral density

noise measurements still exhibit a dominant 1/f behavior coming from the bridge’s
resistors. Thus, excess noise caused by the current that flows across the magnetore-
sistance bridge could be a significant contribution, which also exhibits a 1/f noise
power spectrum [136, 78]. Owing to the TC reduction of the sensor, additional im-
provement in the millihertz bandwidth has been obtained when a low noise current
source supplies the bridge instead of a voltage source, showing a similar low-frequency
noise to the fluxgate sensor used in LISA Pathfinder. At higher frequencies, the noise
level is slightly reduced when flipping frequency and bridge voltage are raised. How-
ever, the increase in bridge voltage also implies higher excess current noise in the
low-frequency band. Besides, more periodic flipping pulses can also induce addi-
tional disturbances in the spacecraft’s environment. Since our interest is focused on
the fluctuations in the low-frequency region, which is the limiting noise factor, flip-
ping pulses at 5.5 Hz and a dc bridge current of 5mA (V;, = 4.25V) are the selected
features.
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Figure 3.9: Equivalent magnetic field noise density for the engineering model of the fluxgate
magnetometer used in LISA Pathfinder (gray trace) and AMR sensor using lock-in amplifi-
cation and flipping techniques. Measurements have been done driving the AMR sensor with
voltage (V) and current sources (I, cyan trace). Bias field is not applied.

3.5.2 Low-frequency noise under a bias magnetic field

Additional noise in the low frequency band appears as a consequence of the thermal
dependence of the sensor coupled with the slow environmental temperature drifts. As
shown in Table 3.2 the TC of the system depends on the amount of unbalance of the
Wheatstone bridge, i.e., the magnitude of the magnetic field seen by the sensor. For
noise investigation, a leading field of ~ 21 T with a stability better than 1 nT Hz /2
at 0.1 mHz is applied by a coil inside the magnetic shielding. The purpose is to
unbalance the bridge to stress the effect of the gain temperature coefficient of the
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3 Design of a Magnetic Measurement Subsystem for eLISA

sensor and conditioning circuit during the noise measurements. A block diagram of
the experimental setup is displayed in Figure 3.10.

Magnetic Field noise [nT/Hz“Z]

Current data Low noise/Low TC

DMM Current Source ‘

Mu-metal chamber

Magnetic data PC

AMR NTC
®

Coil
Temperature data é

DMM

Figure 3.10: Setup for the low-frequency noise measurements under a bias magnetic field.
Right: map of the equivalent magnetic field noise at 0.1 mHz induced by a coil with
1000 windings of radius around 20 mm. The sensor is placed at around 15mm from the
coil along the z-axis. z and p are the distances to the center and to the longitudinal axis of
the coil, respectively.

Figure 3.11 shows the noise measurements that were taken by using the flipping
technique and electro-magnetic feedback in the presence of a bias field. To begin
with, we measured the stability of the current source that generates the bias field
and found it suitable to carry out the experiment (see also Figure3.10). On the
one hand, as far as the flipping method is concerned, the equivalent magnetic field
noise at 0.1 mHz increases by an order of magnitude with respect to the previous

__Flip. ff=5.5 Hz Vb=5 '
Flip. f=5.5 Hz | =5 mA
Requirement P b

L S VA —Mag. Feedback + flipping
Mag. environment (Coil)
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e

ASD [T Hz™ "3
S

10 10 10 10 10
frequency [Hz]

Figure 3.11: Spectral density in terms of equivalent magnetic field using flipping with voltage
and current sources and electro-magnetic feedback. The green trace shows magnetic field
noise generated by the coil at 15 mm from the sensor. The magnetic noise requirement at
0.1mHz (dashed trace) is achieved by using electro-magnetic feedback (magenta trace). Bias
field is ~ 21 uT.
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3.6 Conclusion

results in Figure 3.9 without a leading field. As expected, the additional noise due to
thermal dependence is still more significant when a constant voltage source supplies
the bridge. On the other hand, the noise curve for electro-magnetic feedback shows
that the effect of the gain temperature coefficient of the sensor is mitigated by the use
of a proper closed-loop mode. The noise level achieved is ~ 5nT Hz /2 at 0.1 mHz,
which is below the requirement. Therefore, this compensation method is crucial to
maintain long-term stability over temperature, and produces desirable results for
measuring magnetic fields at the eLISA frequencies. At higher frequencies, the noise
floor is down to ~ 100 pT Hz~ /2 with the corner frequency at around 0.2 Hz. We
remark that the noise floor might be reduced to the Johnson noise of the bridge
resistance by increasing the flipping frequency.

3.6 Conclusion

We have presented the low-frequency noise characterization of a magnetic field mea-
suring system based on AMR. Chip-scale magnetoresistive sensors appear as a solu-
tion to the disadvantages met when using the bulky fluxgate magnetometers in LISA
Pathfinder. Nevertheless, magnetoresistors exhibit higher intrinsic noise characteris-
tics than fluxgate magnetometers. Thus, in order to enhance the noise performance,
various methods have been analyzed and tested in the millihertz band. First, flipping
techniques help to overcome part of the potential 1/ f noise, which cannot be avoided
with conventional lock-in amplification techniques (ac excitation of the bridge). Sec-
ondly, an excess noise below 1 mHz is exhibited when a magnetic field is applied to
the sensor as a result of the temperature dependence of the sensor. A solution is
found when using electro-magnetic feedback in the signal conditioning circuit. A
closed-loop controller with a compensation coil helps to overcome the thermal de-
pendence and to minimize the additional noise in the bandwidth of interest. With
the combination of these methods, the equivalent magnetic noise spectral density is
comfortably compliant with the envisaged noise requirement. Therefore, from the
achieved noise performance, AMR sensors with dedicated noise reduction techniques
are presented as an alternative to the fluxgate sensors used in LISA Pathfinder.
With respect to the results published so far, we present a significant improvement of
noise performance in the frequency range of the millihertz. Finally, we mention that
the technology is likely to be useful beyond the scope of eLISA, especially for space
applications like STE-QUEST, with strict restrictions in size, weight, power, and
low magnetic noise at low frequencies. Moreover, with the objective of augmenting
the technology readiness level (TRL) of the instrument, the magnetic measurement
system designed in this chapter has been developed and implemented in a CubeSat
(3Cat-2) (See Appendix E for more details).
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Chapter 4

Magnetic Back Action Effect of
an Anisotropic
Magnetoresistance

The environmental stability in eLISA must fulfill stringent requirements regarding
the magnetic field and magnetic field gradient in the TM location. eLISA thus re-
quires the careful control, for dc values and low-frequency fluctuations, of the local
magnetic environment generated by the spacecraft, and in particular, for the mag-
netic sources which are closer to the TM. This chapter evaluates the induced forces
on the TM due to the magnetic field generated by the AMR magnetometer itself.
Section 4.2 gives an overview of the influence of the environmental magnetic field on
the TM. In Section4.3, the magnetic characterization of the magnetic sensor, to-
gether with the integrated coils utilized by the electronic noise reduction techniques,
is put into practice by using a SQUID magnetometer. In Section 4.4, the magnetic
field and the magnetic field gradient in the region occupied by the TM are estimated
for the suggested sensor configuration. Then, in Section 4.5 we determine the excess
force noise on the TM due to the magnetic contribution of the sensor array. Finally,
the conclusions are summarized in Section 4.6.

4.1 Introduction

The fluxgate magnetometers on board LISA Pathfinder somehow need to be kept
away from the TMs due to the quantity of ferromagnetic material contained in the
core. Otherwise, the magnetic field emitted by the magnetometer can constitute a
potential source of disturbance to the noise budget. As a result of the magnetometers
location in LISA Pathfinder, the estimation of the magnetic field and gradient in the
TM region is very problematic despite the excellent quality of the readout data [16].
For eLISA, the design of an alternative magnetic measuring system able to deal
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4 Magnetic Back Action Effect of an Anisotropic Magnetoresistance

with these constraints is planned. This implies the magnetic characterization of
the new magnetic sensing technology in order to estimate the possible magnetic
effect on its environment when the set of sensors is mounted closer to the TM. The
magnetic impact caused by the AMR type magnetometers depends not only on the
tiny amounts of ferromagnetic material of the sensor head but also on the magnetic
field created by the noise reduction techniques explained in Chapter 3. The detailed
study of this issue needs to be performed so as to develop criteria for the best choice
of the magnetic sensors for eLISA.

4.2 Magnetic contribution to force noise induced by the
magnetic sensors

A non-gravitational force can be exerted by the surrounding magnetic field and its
gradient when they couple with the magnetic properties of the TM, more precisely
magnetization (M) and susceptibility (x). This spurious force and its fluctuations
on the TM volume V' are given by Egs. (1.4) and (1.6). If down-conversion of the
high frequency magnetic noise and low-frequency amplitude modulation of ac lines
are not considered, second order terms can be neglected and the expression of the
temporal force fluctuations is simplified to
XV XV
OF =V {(M-6(VB))+ =—(0B-VB) + =—(B-6(VDB)), (4.1)
Ho Ho
where (B) and (V B,) are the magnetic field and magnetic field gradient average over
the TM volume.! Since the vector orientations in the scalar products are unknown,
the worst-case estimate of the excess noise in terms of force spectral density along

the sensitive z-axis of the experiment,Sgl{wi , can be expressed as [161]

2
(M) Sy, () + (’/‘X <VBx>|) Sn(w)

- ) 1/2
X
n (MO <B>) Son, <w>] , (4.2)

S w) =V

As a first approximation, we assume that the fluctuating magnetic fields are domi-
nated by the interplanetary magnetic field (see Section 3), and besides, the fluctua-
tions are homogeneous along the volume of the TM. In other words, the fluctuations
of the remnant magnetic moment of the sensor, the ones caused by the quantity of

Tt is assumed that the oscillating field is due to varying magnetic moments whose direction
is aligned with the relative position vector between source and TM, and also with the sensitive
z-axis [186]. This is not reflected in our analysis.
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4.2 Force noise induced by the magnetic sensors

ferromagnetic materials contained in the core, are supposed to be negligible com-
pared with the background field. This is due to the stable thermal conditions inside
the LCA. On the other hand, the magnetic field B when the AMRs are present is
the sum of the field generated by the AMRs (Bamgr) and the environmental mag-
netic field (By,g), mostly created by the other spacecraft magnetic sources. These
statements are expressed by

SB = SBbg and B =Bawur + Bbg. (4.3)

Based on this assumption, only the last two terms in Eq. (4.2) are sensitive to the
magnetic field created by the AMRs. Thus, the excess noise induced by the AMR is
due to: (1) the product of the constant field gradient with the environmental field
fluctuations; (2) the coupling between the dc magnetic field and the field gradient
fluctuations of the environment.

The TM of eLISA will mainly be the same as its counterpart in LISA Pathfinder.
The main distinction is aimed at relaxing the environmental requirements on the
satellite by lowering the magnetic susceptibility and remnant magnetic moment of
the TM [80]. But to be conservative, a worst-case analysis is considered by using the
same magnetic properties of the TM as in LISA Pathfinder. In the same way, since
the spacecraft’s magnetic sources have still not been fully defined for eLISA, the
magnetic dc requirements and the estimate of the fluctuations for LISA Pathfinder
were adopted for our analysis. The nominal properties of the TM and magnetic
background conditions [183] that will be used in Eq. (4.2) are shown in Table4.1.

Table 4.1: Magnetic properties of the TM, dc requirements and estimated fluctuations in
the TM locations for LISA Pathfinder.

TM propts. dc req. ASD est.
x| = 107° Bhg| < 10 uT SH?(w) < 100nT Hz~1/2
M=10"4Am™! |VBp .|l <5/3uTm! Sé/;m (w) <2503 nTm~ ! Hz /2

Concerning the distribution of the sensor array, the feasible layout may be to place
them on the outer face of the vacuum enclosure, symmetrically allocated around the
TMs. With this configuration, the nearest distance of each AMR to the TM is about
36 mm, in contrast to the distance of 188 mm for the closest fluxgate sensor in LISA
Pathfinder. Therefore, due to the proximity to the TM, the acceleration noise in-
duced by the magnetic characteristic of the AMR magnetometers was quantitatively
assessed in Section 4.5 for the configuration displayed in Figure4.1.
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Figure 4.1: AMR magnetometers location. Top: view of the proposed distribution of the
AMR sensors (yellow structures) on the vacuum enclosure (cylindrical tower). Bottom: top
and front view with distances in mm.

4.3 Magnetic moment measurements of the AMRs

The AMR sensor core comprises a thin permalloy (nickel-iron alloy) film deposited
on a silicon substrate and patterned as a resistive strip in a conventional Wheatstone
bridge configuration [77]. In spite of the diminutive amount of ferromagnetic mate-
rials accommodated in the core, the magnetometer could have a assessable impact if
it is attached near the TM. Besides, in view of the magnetic anisotropy of the thin
film, the state of the magnetic domains needs to be aligned along the same direction,
the easy axis, for the proper functioning of the sensor (see Section 3.3.1). Therefore,
the remnant magnetic moment due to the ferromagnetic components of the sensor
will be distinctly oriented in a unique direction.

As explained in Chapter 3, the intrinsic 1/f noise behavior together with the
thermal dependence of the magnetoresistances are the dominant contributions at
low frequencies. Hence, several electronic noise reduction techniques were utilized
in order to enhance its performance [124]. As a result, the magnetic impact of the
sensor depends on the magnetic properties of the sensor itself and the technique
used. The technical features that are susceptible to affect the field environment are
summarized below.

e Lock-in amplifier: The magnetic impact is merely due to the ferromagnetic
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4.3 Magnetic moment measurements of the AMRs

materials contained in the sensors.

e Flipping : Periodic short magnetic pulses with a 7 of approximately 1 us are
applied by a thin film conductor integrated in the sensor. Positive and negative
pulses are synchronously applied at 5.5 Hz.

e Electro-magnetic feedback: A built-in coil generates a compensation field to
cancel out the field being measured by the sensor.

Due to the lack of specifications, the magnetic moment of the AMR was mea-
sured by using two different superconducting quantum interference devices (SQUID),
a Quantum Design MPMS XL SQUID at the University of Barcelona and a Super-
conducting Rock Magnetometer SRM755R (2G Enterprises) at the Institute of Earth
Sciences Jaume Almera (CSIC-UB). The former was utilized to obtain the hysteresis
curve with respect to an applied external magnetic field, and the latter for direct
triaxial measurements with the sensor working under the three aforementioned noise
reduction techniques.

x 10~

m [A m?]
o

-0.4 -0.2 0.2 0.4

iy

Figure 4.2: Hysteresis curve for the uniaxial magnetoresistance HMC1001. The measurement
was performed with the Quantum Design MPMS XL SQUID at 300 K.

While measuring the hysteresis cycle, the size of the sample introduced in the
first SQUID is limited by the cross section of the cylindrical holder, a plastic test
tube of around 6.5mm in diameter. As a result, the device can only be placed by
aligning the longitudinal axis of the sensor, which is perpendicular to the sensitivity
axis, with the longitudinal axis of the holder, i.e, with the direction of the applied
field. The result for the hysteresis curve of the HMC1001 uniaxial AMR[30] is
displayed in Figure4.2, where the ferromagnetic behavior is clearly observed. The
magnetic response has a saturation magnetic moment of |mgu| ~ 0.44 pA m? with
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4 Magnetic Back Action Effect of an Anisotropic Magnetoresistance

a bias field of 0.3 T, and a remnant magnetic moment of |m,| ~ 0.05 uA m?. These
values are considerably small compared to the magnetic properties of the NTC type
thermistors in LISA Pathfinder. The saturation and remnant magnetic moment for
the NTC sensor is 90 A m? and 26 A m?, respectively [161]. Apart from this, the
NTCs location is more critical since they are attached to the external wall of the
electrode housing at only 13 mm of the TM.

With the purpose of knowing about the magnetic impact of the flipping pulses
through the set/reset strap (see the figure in Table4.3), additional magnetic mo-
ment data in the three axes have been taken with the SRM755R SQUID when the
sensor is working with flipping technique. However, the magnetic moment of the
set/reset pulses can not be measured at the fast switching frequency used during
operation (=~ 5 us pulse and 0.003% duty cycle) because of the reduced bandwidth
of the SQUID. We thus apply small continuous currents instead, and then, the mea-
surements are extrapolated to the actual value of current amplitude generated by
the flipping generator circuit (see Figure 3.4). The measurements were taken for the
HMC1001 uniaxial and HMC1002 biaxial sensors, but the flipping current was only
applied to the former because both share the same electrical performance. The re-
sults in Table 4.2 show that the magnetic moment induced by the set /reset coil points
to the y direction (m, column), and therefore the estimated magnetic moment for
an instantaneous peak current of 2 A, is lower than 200 A m?.

Table 4.2: Magnetic moment measurements with the SRM755R SQUID. Ig;, indicates the
current applied to the set/reset coil. Right figure: Coordinate axes during the experiment
for the uniaxial and biaxial AMRs. Arrows inside the sensors indicate the orientation of the
sensitivity axes.
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Finally, magnetic moment measurements were also taken by injecting currents to
the compensation strap (see the figure in Table4.3). The maximum field generated
by the electro-magnetic feedback into the active area of the AMR is defined by the
full scale range of the device. For a feedback current of 40mA and a compensa-
tion coil ratio of 1.96 uTmA~!, the measurement range is about 78 uT, providing a
wide margin for the mission needs. Table4.3 summarizes the results for the three
techniques employed. We remark that for Lock-in amplifier technique, the magnetic
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moment displayed in the table corresponds with the remnant magnetic moment
|m,| = 0.05 uA m? in the hysteresis curve. This number is slightly higher than the
one obtained when a sweeping field to map out the hysteresis curve is not applied
(m = 0.03 xAm?). The difference is small, but it might be indicative of the deep
magnetization of the sensor after being saturated for a strong field of 300 mT.

Table 4.3: Magnetic moment measurements for different electronic noise reduction tech-
niques. Note that the flipping current is a fast peak with a 7 of 1 us . The right figure shows
set/reset and compensation straps where the current is applied according to the method
used.

. Istrap |m|
Technique A]  [pAm?]
Lock-in - 0.05
Flipping 2 200

0.01 1.19
0.02 2.34
Feedback o o3 5 46
0.04 4.58

4.4 Magnetic field and magnetic field gradient calcula-
tions

The area of the thin permalloy film elements is around 0.9 mm x 1.2mm, and the
closest distance between the magnetometer and the TM for the current layout is
36.47mm. Consequently, given the small size of the active magnetic area contained
in the sensor, the magnetic field and magnetic field gradient created by the AMRs
have been estimated by assuming that they behave as magnetic dipoles. Hence, the
magnetic field generated by the eight magnetometers at a far enough point x can be
expressed as

By (x) = 10 > 3(m,-n,)n, — m, (4.4)

where m, are the magnetic dipolar moments of the sensors at the points x, and
n, = (X — X,)/|x — x| are the unit vectors directed from x, to x. The corresponding
expression for the magnetic field gradient is [83]

8

0B; 3

5 = m 2 e il e + (mama) (3 — Snagnag)),  (45)
J -1 a

where ¢;; is Kronecker’s delta.
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We now proceed to compute the figures derived from the above equations, where
the relevant parameter in our estimation is the value of the remnant magnetic mo-
ment of the magnetometer. A worst-case scenario is assessed for the maximum dc
magnetic field required in the TM location, i.e. 10 uT (see Table4.1).? Then, for a
first case, we assume that the magnetometers on both sides of the TM are measuring
an environmental field of 10 uT. Therefore, an opposite field with the same magni-
tude is created by each of the chip-scale compensation coils integrated in the AMRs.
For the sake of clarity, the field is evaluated in the equatorial plane of the TM (zy-
plane for z = 0). Besides, the magnetic moment created by the compensation coil
(|meomp| = 0.6 A m?) is assumed to be oriented in the z direction (perpendicular
to the optical bench plane).?> Calculations taking into account different orientations
of the magnetic moments lead to similar or milder effects, and moreover, the small
remnant magnetic moment due to the ferromagnetic properties of the sensor head
(|meomp| = 0.05 pAm?) can be ignored. Figure4.3 shows the magnetic field and
the magnetic field gradient created by the eight sensors when using electro-magnetic
feedback technique for this particular configuration.
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Figure 4.3: z-component of the magnetic field (left) and magnetic field gradient (right) caused
by the compensation coil when a background magnetic field of 10 4T goes homogeneous across
the vertical axis of the TM (parallel configuration). Plots are represented in the equatorial
plane of the TM (zy-plane for z = 0).

An opposite case is studied when a non-homogeneous environmental field goes
across the TM. Taking the configuration to the extreme, we assume that the mag-
netic moment of the magnetometers placed in the opposite side of the TM have
opposite directions, i.e., m; side1 = 0.6 A m? and M side2 = —0.6 A m?. We remark

2This is a requirement for LISA Pathfinder. For eLISA the magnetic cleanliness requirements are
not formally defined, but they shall be the same or lower than the LISA Pathfinder ones. Therefore,
this is a conservative value for our estimation.

3The magnetic moment has been estimated for a feedback current of 5 mA, which is equivalent
to a compensated field of ~ 10 uT (see Table4.3)
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that the supposed magnetic arrangement for this configuration is unlikely along the
TM volume, since the magnetic field gradient (~ 205 xTm™ ') would be well over
the magnetic cleanliness requirements (see Table4.1). Therefore, the specified dis-
tribution is considered a worst-case estimate. The magnetic field and its gradient
for this situation is represented in Figure 4.4.

z=0 mm z=0 mm
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Figure 4.4: zcomponent of the magnetic field (left) and magnetic field gradient (right)
caused by the magnetic moment of the compensation coil oriented along the z-axis, but
in antiparallel configuration at the opposite sides of the TM. Plots are represented in the
equatorial plane of the TM (xy-plane for z = 0).

Before calculating the magnetic noise contribution of the sensor array, we need
to estimate the averaged values ((Bamr) and (VBawmg,x)) that will be replaced into
Eq. (4.2). The averaged variables are solved by a finite element method using sub-
divisions of the whole volume of the TM (46 mm x 46 mm x 46 mm) into smaller
volumes of AV = 8mm?>. Then, the magnetic field and the magnetic field gradient
are calculated over the small subdomains by using Egs. (4.4) and (4.5), and finally
the arithmetic means are calculated. The results for the two aforementioned con-
figurations are shown in Table4.4. Firstly, when all the magnetic moments are in
the same direction due to the homogeneous field being measured by the sensors, the
magnetic field created by the AMRS on the TM gives the highest mean values, while
the magnetic field gradient averages to zero. On the other hand, when the magnetic
moments at the different faces of the TM take opposite directions the response is the
contrary, the magnetic field on the TM averages to zero and all the magnetic impact
is reflected on the magnetic field gradient.

Regarding the magnetic impact caused by the flipping technique, Figure 4.5 shows
the short magnetic field pulses averaged over the TM volume for the three-axial
magnetometers. The same as in the configuration for a homogeneous field, the
magnetic field gradient averages to zero because the magnetic moments of the flipping
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Table 4.4: Averaged magnetic field (Bamr) and magnetic field gradient (VBawmg,x) in the
TM created by the proposed sensor configuration using electro-magnetic feedback. The
averaged values were calculated for two different arrangements (see text, Figure4.3 and
Figure 4.4 for details).

Nogncic (B.) (B, (B B | ©D./9s) (9B,/0m (0D.jo5) VB
arrag. [nT] [nTm™ !

Fig. 4.3 0 0 -0.9 0.9 0 0 0 0
Fig. 4.4 0 0 0 0 0 0 18.8 18.8

pulses are assumed equal in amplitude, orientation and time.* In this particular case,
the fields created by the tiny set/reset coils need to be applied in the three easy axes
for the proper functioning of the flipping technique. The maximum instant value
appears in the z-component B, ~ —0.3 4T, which is caused by a magnetic moment
of 200 uA m? (see Table4.3).

Figure 4.5 also shows the equivalent magnetic field spectral density induced by
the flipping pulses on the TM. The magnetic effect of the flipping peaks is more than
two orders of magnitude lower than the expected environmental fluctuations in the
spacecraft. The peaks in the spectra appear at the flipping frequency (5.5 Hz) and
its harmonics, therefore, out of the bandwidth of interest.

It is also worth mentioning that the amplitude modulation of discrete ac mag-
netic lines can be down-converted into low-frequency acceleration noise [60]. The
oscillating field is supposed to be due to the variations of the magnetic moment
alignment between the magnetic source and the TM, and also along the z-sensitive
axis.® However, this lacks importance in our case because the direction of the flipping
pulses is fixed by design and it is determined by the integrated set/reset coil.

On the whole, the magnetic field and magnetic field gradient created by the
eight magnetometer configuration on the region of the TM are significantly lower
than required in Table4.1. We remark that the magnetic requirements for LISA
Pathfinder must be considered as an indicator, so the analysis needs to be verified
when the eLISA magnetic requirements are fully defined.

4The sensors are placed with the same axial configuration and the same current flows through
the set/reset straps connected in series for each sensor.

®Magnetic fields up to frequencies of 50 kHz were measured for LISA Pathfinder at spacecraft
and unit level [186]. ac magnetic measurements are also relevant because high frequency signals can
induce low-frequency fluctuations components due to the coupling of the fluctuations of both the
magnetic field and the magnetic field gradient (see Eq. (1.6)).
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Figure 4.5: Magnetic field averaged over the TM volume induced by the flipping and electro-
magnetic feedback techniques. Left: Time-dependent averaged magnetic field caused by the
flipping pulses. Note the short duration of the pulse in the zoomed figure. Right: Averaged
magnetic field in the case that electro-magnetic feedback is used together with flipping. The
small difference between the field components close to zero is caused by the compensation
coil when the sensor is measuring a field of 60 4T along the z-axis. Bottom: Noise spectral
density of the magnetic field induced by the flipping pulses on the TM. The duration of the
simulated pulses for the estimation of the ASD was increased to 60 us.

4.5 Excess noise induced on the TM in the presence of
AMRs

As stated before, the force induced on the TM by the eight magnetometers is cal-
culated by means of the magnetic field and magnetic field gradient obtained in the
previous section. Moreover, the environmental requirements and magnetic properties
of the TM in Table 4.1 are also used.

The force noise estimate is summarized in Table4.5 assuming a worst possible
scenario, which arises from the alignment of the sensors’ magnetic moment along
the z-axis. Parallel or anti-parallel configuration in opposite face of the TM give
comparable effects. The excess noise, A in the table, is the relative difference between
the total noise including the magnetic contribution of the AMRSs (Stotal, AMr) and
the noise in the absence of AMR (S;ef), which is expressed as
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1/2 1/2
A — Stotal7 AMR Sref . (4.6)

g1/2

ref

As expected from the field calculations, the magnetic contribution of the eight
AMR sensors on the total noise budget can be considered negligible. The magnetic
impact due to the magnetic properties of the sensor can be ignored compared to
the one caused by the compensation coil when a 10 uT field is being measured by
the sensors. The same thing happens with the set/reset coil when comparing its
magnetic impact to the environmental magnetic fluctuations.

Table 4.5: Summary of results in terms of force noise for an array of 8 AMRs. myg,r
and mgg T are the magnetic moments of the compensation coil when the magnetometer
measures a magnetic field of 10 uT and 78 uT, respectively. Force units are in fN Hz~1/2.

Tm ke 0GmAn? dspAn?
\< ST (W) 4215 4.215 4.215
#0 < B,)|Sy*(w) 0671  0.671 0.671
X \(B)|Sdp(w) 3354 3354 3.356
Sion (@) 5428  5.428 5.430
A — 0% 0.03%

4.6 Conclusion

Due to the demanding end-to-end magnetic environment control in eLISA, magnetic
moment measurements of the magnetoresitive sensors were carried out to quantify
the force excess noise on the TM. The magnetic impact depends on the dedicated
noise reduction techniques used in the signal conditioning circuit, i.e, lock-in ampli-
fier, flipping technique, or electro-magnetic feedback. One of the main advantages
of AMR technology is its tiny size. Consequently, at least eight magnetometers per
TM can be attached to the outside wall of the vacuum enclosure without the risk of
back-action effects. The results shows that for the three techniques and their com-
bination, such as flipping together with magnetic feedback, the magnetic noise they
induce is mostly negligible. For this reason, the proximity of the magnetometers to
the TM does not constitute a problem for the magnetic performance and does not
degrade the force noise budget of the mission.

It is worth mentioning that the magnetic impact of the AMRs cannot be fully
assessed without precise knowledge of the environmental field in the satellite. More-
over, the magnetic requirements and estimations in eLISA are still not fully specified.
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4.6 Conclusion

It is therefore desirable to obtain this information to the best possible extent for a
more solid estimation. Nevertheless, the results based on the LISA Pathfinder ex-
periments provide relevant information and encouraging results, which are able to
deal with the magnetic cleanliness constraints even in the worst cases.
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Chapter 5

Interpolation of the Magnetic
Field at Test Masses in eLISA

A feasible design for a magnetic diagnostics subsystem for eLISA will be based on
that of its precursor mission, LISA Pathfinder. Previous experience indicates that
magnetic field estimation at the positions of the test masses has certain compli-
cations. This is due to two reasons. The first one is that magnetometers usually
back-act due to their measurement principles (i.e., they also create their own mag-
netic fields), while the second reason is that the sensors selected for LISA Pathfinder
have a large size, which conflicts with space resolution and with the possibility of
having a sufficient number of them to properly map the magnetic field around the
test masses. However, high-sensitivity and small-size sensors that significantly mit-
igate the two aforementioned limitations exist, and have been proposed in order to
overcome these problems. Here we perform a quantitative analysis of the new mag-
netic system, as it is currently conceived, and assess the feasibility of selecting these
sensors in the final configuration of the magnetic diagnostics.

5.1 Introduction

The ongoing research concerning the possible design of a magnetic diagnostics subsys-
tem for eLISA is based on the experience with its precursor mission, LISA Pathfinder,
in which high-performance fluxgate magnetometers were chosen because of their sen-
sitivity and availability for space applications [13, 49]. However, these sensors are
bulky (94cm?®) and have a large ferromagnetic sensor head (~ 2cm long). These
reasons led to the placing of only four triaxial sensors at somewhat large distances
from the TMs (> 18.85cm) to avoid back-action disturbances. Besides, the size of
the sensor head also conflicts with space resolution, which might be another source
of error in the determination of the magnetic field. A view of the magnetometer
location in the LISA Pathfinder payload is shown in Figure 2.2.
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We stress that, unlike critical drag-free technology that needs from the in-flight
experiments to be fully proved, the feasibility of the magnetic measurement sys-
tem can be verified in depth from the analysis of the ground test campaigns. On
the basis of the previous analysis for LISA Pathfinder, the selected arrangement of
magnetic sensors resulted in an unsatisfactory estimation of the magnetic field in
the TM region after using classical interpolation methods. Accordingly, alternative
approaches needed to be adopted. In particular, an interpolation scheme based on
neural networks needed to be developed [48]. For the case of eLISA, a more robust
method to reconstruct the magnetic field at the position of the TMs is foreseen. This
requires a sufficient number of smaller magnetometers, which additionally must be
placed closer to the TMs. Besides, it is required that back-action effects should be
negligible. All this motivated the study of alternatives to fluxgate magnetometers.
Specifically, magnetoresistances [124, 120] or chip-scale atomic vapor cell devices [36]
(see Chapter 6) have been proposed. These small sensors will significantly mitigate
the limitations mentioned above. So, they probably will be chosen to be integrated
in the magnetic diagnostics subsystem in eLISA, improving the quality of magnetic
field interpolation.

All in all, the LISA Pathfinder magnetic diagnostics is fully integrated in the
spacecraft due to launch in 2015, and the mission operations together with the data
analysis are expected to be completed by 2016. Regarding the magnetic interpo-
lation process to be used in LISA Pathfinder, the aforementioned neural networks
algorithms is at the present the most promising one, although it is still an ongoing
activity [16]. On the other hand, eLISA is currently under the mission concept study
and the critical technologies need to be available for the mission concept selection in
2020. Details can be found in [17, 185] regarding the general status of eLISA and its
precursor LISA Pathfinder.

In this section we assess the feasibility of using anisotropic magnetoresistance
sensors for estimating the magnetic field and its gradient at the location of the TMs.
The chapter is organized as follows. In Section 5.2 the theoretical methods for the
magnetic field interpolation are explained, while in Section 5.3 the sensor array and
the distribution of the magnetic sources are addressed. The results of our analysis
are presented in Section 5.4. Finally, we draw our conclusions in Section 5.5.

5.2 Interpolation methods

The magnetic field at the TM location must be inferred according to the informa-
tion given by the magnetometer readings. We are interested in a robust method that
works without previous knowledge of the spacecraft magnetic field environment. The
reasons for this choice are that the expected local spacecraft field might be affected
by possible changes of the magnetic characteristics of the spacecraft during launch
or during the lifetime of the mission, by deviations from the on-ground performance,
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and by varying operational modes in the spacecraft. Hence, methods making use
of a priori knowledge, such as neural networks or Bayesian frameworks that yield
remarkable results in similar estimation problems [48, 142, 90, 89], will not be con-
sidered here. Instead, in this work we adopt as our interpolation tool the multipole
expansion technique based only on the magnetometer readouts. The results obtained
using this method are then compared with other theoretical approaches, such as the
Taylor series and the distance weighting interpolating methods. In the following
sections we briefly describe the interpolation methods employed for this study.

5.2.1 Multipole expansion

Since the magnetic sources in the spacecraft are located far from the origin of the
coordinate system (chosen at the center of the TM) and assuming the material inside
the vacuum enclosure is basically non-magnetic, the magnetic field in this region can
be considered to be essentially a vacuum field. This means

VxB=V-B=0, (5.1)

which follows that

B(x) = V¥(x) and V?¥(x)=0, (5.2)

where W(x) is a scalar function. Hence, the estimated magnetic field B, obtained
employing an array of /N sensors can be written as the general solution to Laplace’s
equation centered at the TM, which can be expressed in terms of an expansion in
spherical harmonics:

L l
Be(x) =Y > Mp(t) V[ Yo (n)], (5.3)

=1 m=-I

where r = |x| and n = x/r are the spherical coordinates of the field at x. M;,, and
Y}, are the multipole coefficients and the standard spherical harmonics of degree [
and order m, respectively [83].

The accuracy of the estimation of the magnetic field is given by the order of
the expansion, which depends on the number of multipole coeflicients that can be
computed. Specifically, the accuracy of the interpolation is given by the number
of known magnetic field measurements at the boundary of the volume where the
field equations are considered. In our case these measurements are provided by the
number of magnetometers placed in the spacecraft. Table5.1 shows the minimum
number of magnetometers required to model the magnetic field with a second, third
and fourth order multipole expansion.
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Table 5.1: Order of the multipole expansion, number of multipole coefficients and number
of needed magnetometers. The number of triaxial magnetometers (last column) necessary
to achieve the desired order satisfies the condition 3- N > L(L + 2).

Expansion Equivalent # of My, # of triaxial
order multipole coefficients magnetometers
L L(L+2) N
2 Quadrupole 8 3
3 Octupole 15 5
4 Hexadecapole 24 8

The coefficients M;,,, are found by minimizing the equation ds2/9M;,,, = 0, where
the square error is defined as

N
52(Mlm) = Z Bum(xs) — Be(XS)‘za (5.4)
s=1

By, is the readout of the triaxial magnetometer, and N is the total number of mag-
netometers. This is done by employing a least-squares method. Once the system
of equations is solved, the computed coefficients Mj,, can be inserted into equa-
tion (5.3), replacing the magnetometer’s position, xs, by the TM position, xTu, to
finally obtain the value of the interpolated field at the TM location.

5.2.2 Taylor series

The magnetic field at the TM position inferred from the readings of the magne-
tometers can also be approximated by a Taylor expansion. As in the case in which
the multipole expansion is employed, the order of the Taylor series is determined by
the number of magnetometer data channels. In this case the magnetic field at the
position of the TMs can be approximated by the following expression:

(xt™) (Tsi — zTM,)"
T n!

; (5.5)

L 3
B (xs) = Be(xmn) + > D 9 B:j)

n=1i=1

where the origin of coordinates is defined at the center of the respective TM (x1),
and x4 are the magnetometer locations. Be(xy) and 0"Be (xT0z) /0, are calculated
considering that the magnetic field around the TM has both zero divergence and curl,
i.e. the magnetic field gradient tensor V"B is a symmetric traceless matrix. Thus,
only a total of 5 independent components needs to be computed.
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5.2.3 Distance weighting

This method consists in computing the field as a weighted sum of the different
magnetometer readings. The calculation is performed as follows:

N

B. =Y a;Bun(x,), (5.6)

s=1

where By, (x5) are the readouts of the magnetometers. The weighting factors as are
given by:

1/rg

N
> s 1/
where n specifies the order of the interpolation and r; are the distances between the
point at which the field must be estimated and the specified magnetometer.

, (5.7)

g =

5.3 Magnetic sources and sensor layout

We first note that the interplanetary dc field is expected to be more than one order
of magnitude weaker than the sources of the magnetic field present inside the space-
craft [167]. By design, there are not any sources of magnetic field inside the vacuum
enclosure cylinder. Since the distribution of the different subsystems in eLISA is not
fully defined yet, the distribution of the magnetic sources in the spacecraft is not
known. However, in order to provide a realistic scenario to assess the performance
of our proposed interpolation methods, we have made the following assumptions.
We first assume that the magnitude and location of the magnetic sources are the
ones measured for LISA Pathfinder (see Appendix F for details). Moreover, we also
assume that the sources of magnetic field can be modeled as point magnetic dipoles.
With these premises, a batch of 10? different magnetic realizations is generated us-
ing the fixed locations and magnitudes of the magnetic field of the sources, but
with orientations randomly drawn according to normal distributions for each of the
components.

The adequate location and number of magnetometers stem from a trade-off be-
tween the accuracy of the reconstruction of the magnetic field map and the magnetic
disturbances generated by the magnetometer itself on the TM region. In order to
quantify the effect of the sensors, the magnetic moment of an AMR was measured
with a Superconducting Quantum Interference Device (SQUID) for different configu-
rations. As explained in Chapter 4, our analysis based on the SQUID measurements
shows that symmetrical placements with four and eight sensors are the preferred
options in order to minimize the magnetic back-action effects. Moreover, when eight
sensors are allocated in a symmetrical configuration on the walls of the vacuum
enclosure, their contribution to the magnetic budget is negligible [121]. Figure5.1
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0
0.5 ] ]
Yiml X[m]

Figure 5.1: Left: flight models units on board the LISA Pathfinder spacecraft. Credits:
Airbus DS. Right: a view of the 29 measured dipole magnetic sources (green dots: the size
is proportional to their magnetic moment), the test mass (red square) and the eight AMR
magnetometers (blue triangles).

displays the distribution of the sources of the magnetic field in the LISA Pathfinder
spacecraft and the eight-sensor layout that is being considered in the current analysis
for eLISA. The sensor array configuration on the vacuum enclosure is also shown in
Figure4.1. Additionally, a magnetometer’s noise floor of ~ 150 pT Hz~1/2 [120] (see
Chapter 3) was considered in the analysis. Accordingly, to mimic the electronic noise
of the system, this noise is added to the simulated readouts of the magnetometers.

Finally, in order to assess the performance of each of the interpolating methods,
the interpolated magnetic field is compared with the exact one, assuming that the
different magnetic sources behave as point dipoles. Then, the total magnetic field
generated by the sources can be calculated as

Bx) = oy Hmnne S (5.5)

where m, are the magnetic dipolar moments measured for the different subsystems,
X, are the source positions, n, are the unit vectors directed from x, to x, and n
is the number of sources. The expression for the magnetic field gradient is given in
Eq. (4.5).

5.4 Results

5.4.1 Reconstruction of the magnetic field

As previously stated, to validate the performance of the reconstruction algorithm, a
batch of dipoles with randomly generated orientations were simulated and the exact
magnetic field for each one of these realizations was compared with the interpolated
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results. The left panel of Figure 5.2 shows the z-component of the magnetic field map
produced by one of these random configurations. The results are then compared in
the right panel with those obtained when using one of our interpolating methods. In
this case, the magnetic field reconstructed using multipole expansion. As seen in sec-
tion 5.2, a multipole expansion based only on eight triaxial magnetometers readings
is able to resolve the magnetic field up to the hexadecapole structure, by computing
24 terms in Eq. (5.3). Overall, the interpolated field qualitatively resembles the exact
magnetic field, although there are apparent differences far from the positions of the
TMs. However, note that the success of the reconstruction method is determined by
the accuracy achieved at the region of interest, i.e. at the TM locations. We perform
a more quantitative analysis for the three components of the field below.

Exact field: Bx Interpolated field: Bx

)310 : )310

o
B(T]

X [m] ' - X [m]

Figure 5.2: Contour plot of the exact (left) and reconstructed (right) magnetic field B, for a
given source dipole configuration using multipole expansion with eight magnetometers. The
positions of the eight magnetometers (cyan triangles) and of the test mass (blue circle) are
also represented.

The differences (in percentage) between the interpolated field and the source
dipole model field are shown in Figure5.3. Contour plots for the three components
and the modulus show the accuracy achieved by the multipole algorithm. As can
be seen in this figure, the smallest differences occur in the region enclosed by the
magnetometers. Moreover, the accuracy of the interpolating algorithm is good in
the central area of the electrode housing, where the TM is located.

To further confirm the validity and general applicability of the multipole ex-
pansion, we compared the differences between the interpolated and exact magnetic
fields at the position of the TM for three different sensor layouts. Specifically, we first
adopted the LISA Pathfinder configuration. In this layout fluxgate magnetometers
are used, as depicted in Figure2.2. In a second step we did the same, but adopting
four AMRs placed around the vacuum enclosure at the height of the electrode hous-
ing center. Finally, we carried out the same calculation, this time adopting eight
AMRs as graphically displayed in Figure 5.1. Average and maximum field errors rel-
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Figure 5.3: Relative errors in the estimation of the magnetic field components and the
modulus. To calculate the relative error for each field component, the absolute error is
divided by the modulus of the exact value in order to avoid infinities when one of the vector
components is close to zero epx = (Byx — Bex)/|Bx|.

ative to the modulus (£/g| and &|B|;max) and to the field components (Zp,;) over the
103 random runs are shown in table5.2. In the LISA Pathfinder configuration the
accuracy of the reconstructed field at the TM is poor and presents large variations
when the multipole expansion is used. In particular, the estimation errors can be as
high as 737%. This is the natural consequence of having placed the sensors too far
from the center of the TM. Instead, when AMRs are used, the sensors can be placed
much closer to the center of the TM, due to their smaller size and intrinsic magnetic
moment. The results when the same number of magnetometers is employed show
significant improvements, with maximum errors up to 15%. Finally, the estimation
errors are reduced by a factor of ~ 6 (€|B‘,max = 2.4%) when eight sensors are used.
In this case the hexadecapole expansion is employed, and this obviously results in
an improved performance of the interpolating algorithm. Last, in Figure 5.4 the dis-
tribution of the estimation errors for the randomly simulated cases is shown. This
figure clearly shows that the standard deviations are < 1.1% and < 0.18% for the

88



5.4 Results

Table 5.2: Relative errors of the magnetic field estimation at the positions of the TM. g
and Zp, are the mean error for a batch of 10* randomly orientated magnetic sources relative
to the modulus |B| and to the field component B;, respectively. The denominator in Zp,
is closer to zero than that of the modulus g|, and this translates in larger errors for the
former.

Error LPF (4 Fluxgates) eLISA (4 AMRs) eLISA (8 AMRs)
(%] B, B, B. Bl |B, B, B. B| |B, B, B. [B
gB| 38.2 281 209 325 14 1 1.1 1.8 |01 02 01 0.1
eBmac 7377 3403 327.6 8032 | 150 7.7 140 133 |09 24 14 20
€B,; 697.9 2021 1845 325 |13.7 38 78 18 |06 08 53 0.1
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Figure 5.4: Distributions of the relative errors at the TM position for N = 10® random cases
for four (black) and eight (red) AMR sensors.

4-AMR and 8-AMR layouts, respectively. This proves that the averaged estimation
errors (£ < 0.2%) are robust and that the performance of the multipole interpo-
lating algorithm is good, providing reliable estimated values of the magnetic field at
the location of the TM.

The results described so far were obtained by using the multipole expansion algo-
rithm. However, other interpolation schemes were detailed in Section 5.2, and their
performances were compared with that of the multipole expansion in Table 5.3. The
order of the interpolation in the distance weighting method is set to n = 1. Neverthe-
less, this choice is not relevant due to the physical symmetry of the sensor placement,
i.e., the distances 75, and consequently the weighting factors as, are equivalent for
the eight magnetometers. For the Taylor expansion, the second and the higher-order
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terms are negligible due to the symmetry of the magnetic distribution. Thus, the
Taylor approach mainly estimates the magnetic field as a linear approximation. For
this reason, we expect the results of the interpolation to be almost identical to those
obtained using the distance weighting method. Table 5.3 shows the accuracies of the
estimation of the magnetic field at the position of the TM for the three methods
employed in this work. As can be seen, the multipole expansion outperforms by far
the rest of the methods described previously.

Table 5.3: Maximum errors of the estimated magnetic field at the position of the TM using
different interpolation methods.

€ [%]
Method |B|,max
B, By, B, |B|

Distance weighting 80 4.0 7.7 7.9
Taylor expansion 8.0 40 77 79
Multipole expansion 0.9 24 14 2.0

5.4.2 Reconstruction of the magnetic field gradient

Magnetic field gradients also need to be estimated from the readouts of the 8 AMRs.
We do this by using the multipole expansion algorithm because, as demonstrated
earlier, this interpolating method outperforms the other two methods studied here.
For the sake of clarity, only the errors of the gradient interpolation for two compo-
nents (0B;/0x and 0B,./0z) along the spacecraft are shown in Figure5.5. In this
case, minimum errors are also obtained in the center of the TM, though unlike that
obtained for the case of the magnetic field, the error increases somewhat faster in
the region outside the boundary of the area surrounding the magnetometers. Ad-
ditionally, relative errors around the TM area are slightly larger than those found
for the reconstruction of the magnetic field, although they remain lower than 3%.
Figure 5.6 shows the distribution of the estimation errors and standard deviations
for five independent components of the gradient matrix VB at the position of the
TM. Inspection of this figure reveals that the multipole expansion scheme is robust.
In particular, when this interpolation is used, we obtain not only accurate values of
the reconstructed magnetic field, but also of its gradient, with typical accuracies of
the order of 2%, and deviations below 2.5% respectively.

5.4.3 Other sources of error

Absolute errors and drifts of the magnetometer readings are relevant to interpolation
quality, since the algorithm is entirely based on the magnetometer outputs. Due to
the stringent stability requirements for eLISA, drifts of the measurements are not
critical. Thus, the analysis is focused on absolute errors. To validate the robustness
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Figure 5.5: Relative errors in the estimation of the magnetic field gradient for a particular
source dipole configuration. We only show two components, 0B, /dx and 0B,/0xz. The
relative error is computed as €pp,/9; = (0Br,i/0; — 0Be,i/0;)/|0B:/0;|. Note the different
scale for the error bars.

— o _ ) _
Gan/ax_2'46 o €= 1-87% - _32;3;
— o, — o,

08l Gan/ay_0'41 Yo San/ay‘0'55 Yo o] — 3By/ay
. c =1.58% € =1.48% — 0Bz/ox
Soe VY IBy/dy | |- --aBzay
= Y — o _ 0,

& O 0TH% g S0.97%
<) A Eao A e
S04 oy 058 €150y =067%
0.2 |
10 5 5 10

0
Interpolation error (%)

Figure 5.6: Probability density function of the relative errors at the TM position for 103 ran-
dom cases. Five independent terms in the field gradient matrix (0B, /0x, 0B, /0y, 0B,/0y,
0B./0x and 0B,/dy) are considered. Standard deviations and averaged errors relative to
the modulus (|J0B/9dx| and |0B/dy|) are shown.

of the system, the performance of the multipole expansion scheme is studied for
two common sources of error. Namely, possible offsets in the magnetometer readings
and spatial uncertainty — that is, deviations from the nominal position of the sensor
core. We analyze their eventual effects separately. Offsets in the magnetometer or
in the signal conditioning circuit can be measured on-ground and considered in the
analysis. However, unknown magnetometer offsets due to launch stresses can lead
to inaccurate field determination [150]. The precision of the position of the sensors
may eventually be another source of error that cannot be ignored during the analysis.
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Figure 5.7: Maximum estimation errors of the magnetic field as a function of the offset (left)
and spatial uncertainty (right) of the magnetometers.

Spatial uncertainty depends on the size of the sensor head, since smaller heads result
in a smaller uncertainty of the precise location of the measurement.

The offsets of the magnetometers can be relevant depending on the measurement
technique. In particular, for AMR sensors, flipping signals applied to the sensor help
to overcome the offset by reversing the sensor magnetization and modulating the
output signal [72]. The changes in the direction of the sensor magnetization lead to
inversion of the output characteristics but not the offset, which can be canceled by
subtracting the measurements between each flipping pulse. Regarding the spatial
uncertainty, the layout of the thin film forming the AMR Wheatstone bridge [77]
is deposited by a sputtering process, and has a rough area of 0.9mm x 1.2mm.
Therefore, a spatial uncertainty smaller than 1 mm is expected.

The impact of these effects on the accuracy of the multipole expansion algorithm
is simulated as follows. First, a 3 x N matrix of offsets is randomly generated
according to a uniform distribution with an interval of [—Bofset, Boffset]- Secondly,
the offset array is added to the 3 x N magnetic channels readings, and finally the
magnetic field and errors are estimated. These steps are sequentially repeated for
series of 10® random offsets with intervals of the same length. A similar procedure is
done to assess the robustness of the interpolation to the uncertainty in the location
of the sensor heads. The maximum estimation errors as a function of the offset and
of the spatial uncertainty are shown in Figure5.7. As can be observed, the offset
of the sensor is more determinant than its spatial resolution. Specifically, for an
unpredictable non-measured offset of 10nT, the maximum estimation error is ~ 42%.
These results reflect the relevance of the magnetic sensing technology. Definitely, we
stress that appropriate techniques to cancel out the undetermined offset and the use
of tiny sensors with accurate spatial resolution are totally necessary.
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5.5 Conclusion

This new AMR-based sensor arrangement leads to a reliable estimation of the mag-
netic field and its gradient at the positions of the test masses. Actually, the multipole
expansion scheme used in combination with the proposed eight-sensor configuration
will represent a reduction of the magnetic field estimation error of more than two
orders of magnitude when compared to the solution implemented in LISA Pathfinder
(after using the same algorithm). Besides, we have shown that the estimation er-
rors computed for different simulated magnetic scenarios employing the multipole
expansion interpolation provides a robust algorithm that does not need any a prior:
knowledge of the magnetic structure in the spacecraft. Also, in addition to these
significant advantages, the proposed system has the ability to deliver correct results
under unpredictable offsets of the magnetometer readings, and to overcome reason-
able imprecisions in the spatial location of the magnetometers. All in all, these
improvements in the accuracy of the magnetic field reconstruction are achieved due
to the smaller size and lower magnetic back-action of the AMR sensors, which en-
able more sensors to be placed and for them to be located closer to the TMs. This
is a promising result that proves that the use of AMRs combined with the multi-
pole expansion will provide a reliable estimate of the magnetic characteristics at the
positions of the test masses of eLISA.
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Chapter 6

Low-Frequency Noise
Characterization of an Atomic
Magnetometer

Noise measurements have been carried out within the LISA bandwidth (0.1 mHz
- 100mHz) to characterize an all-optical atomic magnetometer based on nonlinear
magneto-optical rotation. This was done in order to assess if the technology can be
used for space missions with demanding low-frequency requirements like the eLISA
concept. Magnetometry for low-frequency applications is usually limited by 1/ f noise
and thermal drifts, which become the dominant contributions at sub-millihertz fre-
quencies. Magnetic field measurements with atomic magnetometers are not immune
to low-frequency fluctuations and significant excess noise may arise due to external
elements, such as temperature fluctuations or intrinsic noise in the electronics. In
addition, low-frequency drifts in the applied magnetic field have been identified in
order to distinguish their noise contribution from that of the sensor. We have found
the technology suitable for eLISA in terms of sensitivity, although further work must
be done to characterize the low-frequency noise in a miniaturized setup suitable for
space missions.

6.1 Introduction

The noise performance of a magnetic measurement system is usually limited by the
low-frequency characteristics. Hence, magnetometers and optimized electronics need
to be assessed in the LISA bandwidth, since at sub-mHz frequencies, sensor noise is
generally dominated by the 1/f contribution and thermal drifts. Previous studies
on this subject were carried out with magnetoresistance-based magnetometers (see
Chapter 3), suggesting the technology as a potential option for eLISA [124, 122]. We
are currently investigating sensors based on alkali-vapor cells [36] as an alternative
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to fluxgate magnetometers, which are commonly employed in space applications.
Alkali-vapor magnetometers are absolute sensors, since the spin-precession frequency
is related to the magnitude of the field by fundamental constants. In this regard, they
are unlike fluxgates and magnetoresistances, which measure small changes in the field
but not its actual value without precise calibration. Therefore, it is plausible that
atomic magnetometers might be better for low-frequency applications. Theoretically,
their sensing elements are not subject to intrinsic 1/f noise, although in practical
situations, there are noise sources that might be relevant at very low frequencies:

e Drifts in the power, wavelength, or polarization of the pump and probe lasers.
These parameters determine the “light shift”, a light-induced shift in the alkali
Zeeman energy sublevels which can mimic the effects of an applied magnetic
field [125, 41].

e Shifts due to changing cell temperature or alkali-vapor density. Alkali density
fluctuations will affect attenuation of the beams within the vapor, affecting the
overall light shift.

e Drifts in the phase or duty cycle of the pump laser waveform.
e Intrinsic noise and temperature dependence of the electronics.

e Changes in the stray magnetic field stemmed from the components surrounding
the vapor cell.

By definition, the latter is not categorized as magnetometer noise. Nevertheless, it
is crucial to disentangle the influence of magnetic-field drifts so that we may study
the intrinsic sensor noise. It is important to remark that eLISA is a demanding
mission in terms of low-noise/low-frequency concepts. For these reasons, the study
below the corner frequency of the 1/f noise is critical and it differs from the wide-
band applications, where usually only the noise floors are of concern. Some of the
estimates we performed are based on the 1/f behavior, which is characterized by
the white-noise floor and the corner frequency. Other parameters also critical in
the low-frequency band, such as ambient temperature fluctuations, are derived from
laboratory measurements.

6.1.1 Atomic magnetometry: preferred techniques

Atom-based magnetometers are the most sensitive devices to measure magnetic
fields. Furthermore, they do not need the bulky and expensive cryogenic refrig-
eration required in superconducting quantum interference devices (SQUIDs). The
spin-projection-noise-limited sensitivity d Bsni, of an atomic magnetometer during a
measurement period 7' is given by

1
WNTT’

5BSNL ~ (6.1)
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where ~ is the gyromagnetic ratio of the atoms and d Bgny, scales with the size and
temperature of the cell by means of the coherence time 7 and the total number
of atoms N. Since the fundamental sensitivity limit of atomic magnetometers is
much better than the required sensitivity for eLISA, we can trade off sensitivity for
size /temperature of the cell, motivating the technology for space missions. Previous
results assuming the spin-projection noise as the limiting noise source, suggest that
magnetometer containing optimized cells with a size between 1cm and 10 um can
reach noise levels around 1fT Hz"'/? and 10 pT Hz~ Y 2 respectively. The optimal
cell temperature may vary from room temperature for the largest cell to 110°C for
the 10 pm cell [171].

Various techniques to measure the Larmor precession frequency €2, of atomic
spins have achieved excellent sensitivities at room temperature, although most of
these techniques have been studied at higher frequencies (> 0.1Hz). Our interest
consists in the detection of small magnetic fluctuations in the low-frequency region
and at ambient temperature. Hence, based on the experience with the development
of the Magnetic Diagnostics for LISA Pathfinder, which was made up by a set of
four triaxial fluxgate magnetometers and two coils, the main sensor selection criteria
for eLISA are viability for miniaturization, small back-action effect on the spacecraft
environment, and low noise in the millihertz region. Regarding the sensor noise, it
was defined as S;/,zystem < 10nT Hz /2 at 0.1 mHz (see Chapter 3). As an alterna-
tive in a more demanding scenario, sensor noise and frequency range shall be one
order of magnitude lower than the LISA Pathfinder requirement (10nT Hz Y2 at
1mHz). This implies a noise level in the measurement system of

SY? < 1nTHz Y2, w/2r = 0.1 mHz. (6.2)

B,system

Nevertheless, interplanetary magnetic field fluctuations are expected to be at least
two order of magnitude higher than this value [167, 25]. Therefore, the noise level
defined in Eq. (3.1) is considered sufficient to discern the environmental field fluctu-
ations in the spacecraft.

Chip-scale magnetometers based on magnetic-resonance phenomena can be driven
either with radio frequency (RF) fields or with modulated light. A coil-driven
magnetometer with micro-fabricated vapor cell has demonstrated noise levels of
5pTHz /2 for a bandwidth from 1 to 100 Hz[169]. However, the magnetic field
created by the RF coils for this method could constitute a potential source of distur-
bances to the performance of eLISA [121]. A similar noise level has been measured in
a frequency-modulated Bell-Bloom magnetometer (FM-BB), using millimeter-scale
cells as well [86, 24]. For the two previous arrangements the cell needs to be heated to
create sufficient atomic density for the measurement, which could also be detrimental
for the quiet thermal environment required in the TM region (< 100 uK Hz /2 at
1mHz for LISA Pathfinder) [65]. In this chapter we study the low-frequency noise
in a magnetometer prototype based on nonlinear magneto-optical rotation (NMOR)
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in a cm-scale cell [6, 35], which retains the all-optical excitation with the advantage
that the vapor cell is at room temperature and heaters are not utilized [24]. The
principle of operation of the magnetometer is described in Figure6.1.

Figure 6.1: Principle of operation of an all-optical atomic magnetometer using nonlinear
magneto-optical rotation. The interaction of a polarized laser pulse (pump beam) with a
sample of atoms produces an optically anisotropic medium, which is aligned along the electric
field of the pump light (top left). The atomic spins precess around the magnetic field changing
the optical anisotropy (top center). The pump beam is synchronously applied at the double of
the precession frequency (29r,) to reinforce the macroscopic moments oscillations and avoid
the fast depolarization rate of the atoms. The pump pulses drive the coherent precession of
the atoms about the magnetic field (top right). For the optical detection, a continuous linear
polarized laser (probe beam) interacts with the medium and the polarization plane of the
probe beam rotates due to the Faraday effect (Bottom left). The maximum rotation occurs
when the atomic spins alignment makes 45° with respect to the light polarization (Bottom
right).

In Section 6.2 we discuss the test setup using nonlinear magneto-optical rotation
with amplitude-modulated light (AM-NMOR). In Section 6.3 we analyze the noise
contributions of two important circuits for the magnetic field measurements in the
experiment. The experimental results are shown in Section 6.4 and, finally, the main
conclusions of the work are summarized in Section 6.5.
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6.2 Magnetometer setup using AM-NMOR

The sensor core is a 1 cm diameter and 3 cm long cylindrical antirelaxation-coated
cell containing ¥3Cs atoms (see Figure6.4). The light of a distributed-feedback
(DFB) laser [55] is split into a two-beam arrangement with linearly polarized probe
and pump light, and it is frequency stabilized near the D5 line by means of a dichroic-
atomic-vapor laser lock (DAVLL) [193, 93]. The linearly polarized pump beam is
square-wave modulated with a 10% duty cycle at a frequency of ~ 29y, in order
to generate atomic alignment [10]. This amplitude modulation is provided by an
acousto-optic modulator (AOM) with a RF of 80 MHz such that it drives the coher-
ent precession of the atoms about the external magnetic field to be measured [22].
The continuous probe and modulated pump beam pass through the vapor cell with
approximately the same time-averaged light power of ~ 1 yW. Finally, the ampli-
tude of the probe optical rotation is measured with a balanced polarimeter at the
modulation frequency §2.,, where the current difference between the two silicon pho-
todiodes (OSD 15-0) is changed to voltage by a transimpedance amplifier (TTA) and
is then demodulated with a phase-sensitive detector. The experimental schematic is
shown in Figure6.2.
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Figure 6.2: Schematic layout for the atomic magnetometer experiment. DFB, distributed
feedback laser; OI, optical isolator; (P)BS, (polarizing) beam splitter; AOM, acousto-optic
modulator; BD, beam dump; A/2, half-wave plate; A\/4, quarter-wave plate; PD, photodiode;
LP, linear polarizer; ND, neutral density filter; DAVLL, dichroic-atomic-vapor laser lock;
TIA, transimpedance amplifier.

There are different ways to measure the magnetic-resonance frequency with the
same setup: we can map out the whole resonance curve by stepping the modulation
frequency, or we can make a single-point measurement of the dispersive trace near the
center of the resonance. For the former open-loop method, the dynamic range and
the measurement rate are limited by the narrow resonance and the slow scan of the
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Figure 6.3: Changes in the resonance curve during the long-term measurements. The plots
show the outputs of the lock-in amplifier as a function of the modulation frequency, before
(dashed line) and after (solid line) a 12-h run. Traces show Lorentzian fits to the data. Left:
absorptive (X) and dispersive (Y) components of the magnetic-resonance signal. Right:
equivalent amplitude and phase.

resonance curve, respectively. The latter method requires a continuous closed-loop
mode to keep the in-phase component locked, i.e., a digital controller that follows the
null output of the quadrature component or the equivalent phase signal by tuning
the frequency of the pulse generator which drives the modulation. This method of
magnetometer operation is also useful to track slow drifts in the measured magnetic
field. As can be seen in Figure 6.3, during long-term measurements (~ 12 h), the
magnetic-resonance signal used to measure the Larmor frequency shows variations
in the amplitude of the in-phase (absorptive) component, as well as the quadrature
(dispersive) component obtained from the lock-in amplifier output. Barring fluctu-
ations in the phase of the resonance, the zero-crossing of the dispersive term (at
Qm = 2Qr,) does not shift when either the amplitude or the width of the resonance
changes. Such changes can arise from variations in the cell temperature or laser
power.

For noise measurements, the Cs cell is placed inside a five-layer mu-metal shield-
ing equipped with a solenoidal coil to apply a bias field along the probe-beam path
(see Figure6.4). An external field is applied to operate the magnetometer at a
frequency higher than the linewidth of the resonance, where synchronous optical
pumping is employed. Magnetic field fluctuations inside the shield can be caused by
the thermal magnetization noise, Johnson noise currents within the magnetic shield
itself and unshielded ambient magnetic field fluctuations, but they are not expected
to be the dominant source in our measurement (< 100 fT Hz~/2) [36, 100, 92, 192].
One of the critical parts of the setup in the low-frequency band is the stability of the
magnetic field created by the coils, which is mostly a requirement on the coil current
source. Hence, special care needs to be taken in the design of the current source to
prevent it from becoming the dominant noise contribution in the millihertz regime
and obscuring the intrinsic noise of the sensor.

In order to address the equivalent magnetic field noise of the magnetometer, we
record the setup parameters, namely power, wavelength, current and temperature
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Figure 6.4: Dimensions of the '3Cs cell with antirelaxation coating used in the experiment.
Right: Alkali vapor cell allocated inside the five-layer mu-metal shielding.

of the laser diode, power of the pump light, current through the coil, room tem-
perature and magnetic field, polarimeter outputs (single-sided and differential) and
lock-in amplifier outputs. These measurements help us disentangle the different con-
tributions in order to study the magnetometer noise, e.g., how the temperature drifts
can affect the electronics.

As shown in Figure 6.5, the setup contains table-top optics in order to facilitate
the optimization of the different parts and parameters of the experiment. However,
future work will include efforts to miniaturize the magnetometer. The miniaturized
design can be based on fully-integrated chip-scale magnetometers [169] or microfab-
ricated remote sensor heads coupled to the laser and photodiodes through optical
fibers [36]. The evident benefit of the first design is the possibility to include all the
components in a single chip. By contrast, the advantage of the latter approach is to
keep the cell clear of possible magnetic disturbances caused by the proximity of the
laser and electrical connections. Besides, the second design is specially useful when
an array of sensors is required since some parts can be shared, as for example the
stabilized laser, the AOM and several optical elements.

6.3 Electronic noise contributions

As mentioned in Section 6.1, there are many potential sources of magnetic-resonance
frequency drift and intrinsic noise in the magnetometer setup. In this analysis we
focus on two circuits that need to be carefully designed in order to minimize their
contribution to the resultant total noise. These circuits have been analyzed at two
different frequencies. At millihertz scales, an important electronic noise contribution
might be attributed to the leading-field current source. At higher frequencies 2y,
the noise of the probe-beam polarimeter can dominate the noise floor; which is rele-
vant to making measurements with high signal-to-noise ratio. The DAVLL also uses
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Figure 6.5: Physical implementation of the experimental setup at UC Berkeley. Top and
bottom left: overview of the optical setup with the mu-metal shielding. Bottom right: setup
for the current and temperature determination of the laser diode in order to obtain the Cs
absorption. Cs Dy line was found at 28.9°C and 112.5mA with a peak-to-peak modulated
current of 10 mA.

a balanced polarimeter to provide an error signal which locks the laser to the atomic
resonance. This signal is dc, so slow drifts in the electronic output of the DAVLL
polarimeter can cause slow wavelength fluctuations in the laser, thus creating a time-
varying light shift within the vapor. We are presently investigating this potential
source of magnetometer noise but have reason to believe that it is small compared
to the noise contributions studied here because the linearly polarized pump beam
contributes a negligible systematic shift to the magnetic-resonance frequency [85].
Other than the two aforementioned circuits, the rest of the electronic boxes shown
in Figure 6.2 have been selected from commercial instrumentation.
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6.3.1 Equivalent magnetic field noise due to the leading-field cur-
rent source

Among the different coil current source topologies that have been analyzed for the
experiment, the floating-load current source shown in Figure6.6 has been selected
on the grounds of its slightly lower noise and better thermal performance. For the
analysis, the noise sources that have been identified in the electronics are the input
noise of the operational amplifier, the Johnson noise and the temperature coefficient
(TC) in the resistors, as well as thermal dependences of the operational amplifier
parameters. The latter are composed of the thermal drift in the bias current TC(Ip),
offset current TC(Ipg) and offset voltage TC(Vpg) of the operational amplifier, and
they can be neglected since their overall effect is much smaller (0.03pAK~1) than
the thermal effect of the resistance (4.3nA K—!). Hence, the overall power spectral
density of the current source Sy, is approximated as

S1u) = 1)+ (22 500
I,\W) = Io,noisew aT T\W

1
~ i+ ﬁ (ef + 4ksT Ry + €3 vier + Viesa®St) (6.3)
1

where i, and e, are the op-amp current and voltage noise spectral densities, 4kg R1T
is the Johnson noise component, kp is the Boltzmann constant, Ry = 1k} is the
current source resistance, 1" is the temperature, e, vrer is the voltage noise of the
voltage reference, Vier is the output of the voltage reference, o = 0.6 ppm K~! is the
TC of the resistors and St is the room temperature fluctuations in power spectral
density. All the terms in Eq. (6.3) are frequency dependent except the Johnson
noise. Low-frequency noise in the voltage reference and operational amplifier was
modeled by the corner frequency at which 1/f noise matches the white noise. We
used the corner frequency and spectral densities given by the manufacturer, or by
experimental data fit. Table6.1 gives output noise parameters for the op-amp and
voltage reference used in the current source.

Table 6.1: Output noise parameters for the components used in the constant current source.
Voltage reference (VR) is based on the LTZ1000 Zener reference.

IC €n fc,en in fc,in

mV/VHz] [Hz] [pA/vHz] [Hy]

oP27 3 2.7 0.4 140
VR 46 30 - -
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Figure 6.6: Floating-load current source with the main sources considered for noise esti-
mation. Noise parameters for the op-amp and voltage reference are shown in Table6.1.
Manufactures specify e2 = €2, + €2, and in = in1 = in2.

A current of 7.1 mA is sent through the coil, producing a leading magnetic field
of 2.8 u'T. For this value of load, Figure6.7 shows the estimated noise density for
the selected floating-load source in comparison with three other classical topologies
[62]. Figure 6.8 shows the calculated noise densities obtained for the selected current
source, including the contribution due to the thermal fluctuations measured in the
laboratory. In the figure, the excess noise due to the thermal dependences of the cir-
cuit is significant only below 0.1 mHz, and thus is outside the eLISA bandwidth. The
equivalent magnetic field noise is found by multiplying the current noise expressed
in Eq. (6.3) by the current-to-field conversion of the coil.

The theoretical noise is 25 nA Hz /2 at 0.1 mHz, which corresponds to an equiv-
alent magnetic field noise of 10 pT Hz~'/2. This is well below the more demanding
scenario for the magnetometer noise level in Eq. (6.2). The result implies that the de-
signed current source achieves the performance required for the noise measurements
of 0.1nTHz /2 at 0.1 mHz, i.e., to be on the safe side, stability of the applied
magnetic field must be at least one order of magnitude less noisy than the limit
imposed by the magnetometer requirement or the expected noise of the magnetome-
ter under study. The main source of technical noise in the whole bandwidth is the
voltage reference. Hence, making use of low-noise voltage references [39] or bat-
teries [40] will help to improve the noise performance significantly. By eliminating
this technical noise, the equivalent magnetic field noise would be reduced to around
6.3nA Hz~ /2 (2.5pTHz~1/2) at 0.1 mHz without any thermal insulator or active
temperature controller.
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Figure 6.7: Current spectral density for floating-load, differential, classical Howland and
improved Howland current sources (See Appendix B for more details). The voltage reference
dominates the noise in the measurement bandwidth.
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Figure 6.8: Current and magnetic field spectral densities for the floating-load current source
(blue) and thermal contribution due to the current source’s TC (red). Equivalent magnetic
field noise is obtained for a current-to-field ratio of ~ 392nT/mA.

6.3.2 Polarimeter noise analysis

The polarimeter circuit is a two-stage amplifier formed by a conventional TIA topol-
ogy and a non-inverting amplifier in the second stage. The differential signal resulting
from the rotation of the light polarization, that is, the difference of the current from
two photodiodes, is converted to voltage with a sensitivity of 11 mV /nA. The differ-
ential photocurrent induced by the probe rotation is modulated at 20, so it is the
noise floor of the polarimeter at this frequency which determines the magnetome-
ter’s sensitivity. This frequency can range from the ~Hz scale to hundreds of kHz at
Earth’s field. For the eLISA mission the magnetic-resonance frequency will possibly
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be around hundreds of Hz, although the information available so far is not definitive
and a wider range needs to be considered. In any case, the low-frequency analysis is
important to study the corner frequency of the 1/f noise, since it could be within
the bandwidth of modulation.

The polarimeter circuit including the same intrinsic noise sources as in Sec-
tion 6.3.1 is shown in Figure6.9. The expected noise for the two stages of the circuit
can be computed from Eq. (6.4) and Eq. (6.5).

Cy
Vbias
: inO
i 1Cpa ICop
g | C5 1112

_\{)ias

Figure 6.9: TTA and second amplifier stage implementation including the noise sources
considered for the analysis.

e?l,TIA = e%%(;,t + Z‘121,0p1’Zf|2+ (64)
1+ (2nfRsCr)?
1+ (27 f RsCk)?

+ (erzl,opl + 6%%14,‘5)

2 s R§ | 2 2 Ro\?
€n,Ninv = 6R8,tR*§ + €Ryt T inop2 Lo + <1 + Rg)

Rs R, )2

X |€hy s T €hon + 6121,0p2 + 7;721,0172 <R5—|—R7 (6.5)

where en op1, in,opl, €n,op2; inop2 are the noise properties of the operational amplifier
for the first and second stage, er is the thermal noise in the resistor, e, T1a is the
voltage noise at the output of the TIA, e, niny is the voltage noise at the output of
the non-inverting amplifier, Z¢ is the feedback impedance and Cr is the total circuit
capacitance, considering feedback capacitance Ct = 7 pF, op-amp input capacitance
Cop = 7.9pF and photodiode capacitance Cpq = 120pF. Noise gain due to the
photodiode’s shunt resistor (50 M€2) has been considered negligible, in the same way
as the noise contribution due to thermal drifts. In order to ensure loop stability and
limit gain peaking or oscillations, the feedback capacitor was chosen large enough to
get overcompensation; its drawback is the bandwidth reduction (~ 78 kHz), which is

106



6.3 Electronic noise contributions

not an issue for the measurement (2, = 19.45kHz). The sensitivity of the polarime-
ter is set by Rg = 1 M), Rg = 1.1k and Ry = 11k{2 and the total output noise
(excluding temperature fluctuations which are considered further on in the text) is

Ro\?
€h pol = €aTIA (1 + Rs) + €2 Niny- (6.6)

The polarimeter noise in Figure 6.10 was quantified in terms of current spectral
density in order to directly compare to the photocurrent shot noise for a 1 yW beam
at A = 852nm. The shot noise becomes

fsn = p\/QEph (Ppp1 + Ppp2) (6.7)

= m/Q%PDC = 0.375 pA Hz /2

assuming that the silicon photodiode responsivity is p = 0.55 AW ™! and that the
sum of the received signal power at each photodiode (Ppp; and Pppz) equals the
total incident light power of the probe beam (Ppc). The calculated noise density
contributions referred to the input show that the op-amp voltage noise of the TIA
is the main contributor at low frequencies and over 10 kHz (see Table 6.2 for the op-
amp characteristics). The high-frequency effect is due to the response of Cop, + Cpq,
where the gain peaking takes effect and is leveled off by the feedback capacitance
Ct (Figure6.12, solid red line). At frequencies between 1 Hz and 10kHz, the shot-
noise level plays the main role in the total spectral noise density, followed by the
contribution of the Johnson noise of the large TTA’s feedback resistor.

Table 6.2: Output noise characteristics for the op-amps used in the polarimeter. Corner
frequency f. for the op-amp current noise is estimated according to the white noise specified
by the manufacturer.

IC €n fc,en in fc,in

mV/vHz] [Hz] [pA/vHz] [Hy

ADR627 17.5 59 0.004 200
ADS8675 2.8 6 0.3 2

OPA124 8 848 0.0008 1.75

As in Section 6.3.1, the calculated contribution to the overall temperature depen-
dence of the circuit due to the TC of the resistors is much greater than that due
to the drift of the bias/offset current and offset voltage (~ 0.08 uVK~1). Therefore,
ignoring thermal drifts in the input-referred errors of the operational amplifier, the
temperature dependence of the polarimeter is
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Figure 6.10: Input noise breakdown for the polarimeter. Shot noise of the light and op-amp
voltage noise are the most important noise sources. The black trace is the sum of all the
noise sources together.

R\ 2
apol(T) = pPpcRe \/o@% +dag Ny (RZ) ; (6.8)

where p is the photodiode responsivity, Ppc is the incident light power, and agr
is 25 ppm K~! and 15ppm K~ for the resistors of the TIA and the non-inverting
amplifier, respectively. Therefore, we obtain that the polarimeter’s TC is 166 uV K—!
(15pAK~! or 27pWK~!). Hence, for the thermal environment in eLISA and even

in conventional laboratories (S;/ lib < 1mKHz /2 at 1Hz), the noise contribution
due to the TC of the TIA is considered negligible (< 15 fA Hz~'/2).

In order to reduce the overall noise maintaining the current-to-voltage sensitivity,
the second stage could be omitted by increasing the feedback resistor of the TTA.
However, for larger values of the feedback resistor, the stray capacitance across
the feedback Cg has more effect on the bandwidth (Cs < 1pF for carefully printed-
circuit layout). For that reason, we do not adopt the single TIA option with a higher
feedback resistor (11 M), though it would be a better option for lower bandwidth
applications. As an alternative, a T-network could overcome such drawback, keeping
the same value for the largest resistor (1 M{2) and eliminating the need for the non-
inverting amplifier. Figure6.11 shows the circuit for the T-network TIA with the
noise sources considered for the analysis. The theoretical voltage noise for this
configuration is
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2 R2 2
6121,Tnet = ig,op’ZfF L + (1 + R1>
( 9 14 (2rfRCT)?

2 2 2
€n70p 1+ (271’fRCf)2 + eR,t + €R27t + eRl,t) . (69)

The approach to minimizing the output noise is limited by the restrictions that
the resistors selected for the T-network must: (1) hold the same sensitivity and
similar measurement bandwidth as the two-stage configuration, and (2) have a max-
imum resistance value of 1 M€). The values selected for the T-network are R = 1 M2,
Ry = 48.1k2 and Ry = 458.8 k(). The noise spectral densities for the topologies that
were analyzed are shown in Figure 6.12, where the results exhibit similar noise for the
single-stage amplifier with a T-network and for the two-stage TIA. There is also a
compromise between high- and low-frequency noise, and some improvements can be
achieved from a trade-off between the input voltage noise and the corner frequency
of the op-amp. Figure 6.12 shows the performance comparison of the OPA124 and
ADB8627, where the high-frequency performance is improved at the expense of having
higher 1/f noise (see Table6.2). The noise has been quantified in terms of output
voltage spectral density in order to observe the frequency response of the amplifier’s
voltage noise contribution. The figure shows the pole response caused by the feedback
impedance at the beginning of the high-frequency asymptote, 1 4 (Cpq + Cop)/Ck,
which is the dominant source of noise over 20 kHz. For this particular case, the moti-
vation for choosing better photodiodes like the S1223-01 with smaller Cpq4, together
with op-amps with lower input voltage noise ey, o, would improve the technical noise
over 20kHz, i.e., at fields 2 6 uT.

Cf
Il
]
Vbias R €t Cu l{1
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Figure 6.11: T-network TIA implementation with the addition of the noise sources that
originate from the op-amp and resistors.
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Figure 6.12: Theoretical amplitude spectral densities for a two-stage current-to-voltage am-
plifier (classical TTA + non-inverting amplifier), TIA with a T-Network in the feedback loop
and TTA with a 11 M feedback resistor. Noise using the AD8627 is displayed as a solid line
and the OPA124 as a dashed line.

For the specific measurements in this experiment, low-frequency contribution
caused by the polarimeter circuit is not so critical since the signal is modulated
at frequencies where the 1/f behavior is mitigated. As seen in Figure6.12, the
corner frequency is around 1.5Hz, which would be within the zero-field resonance
for small magnetic field measurements (~ 1nT). As a result of the estimated spectral
density, the low-frequency contribution is not critical for the possible magnetic field
environment in eL.ISA.

In order to confirm the analysis of the circuit, noise measurements were taken
between 0.1 mHz and 10 Hz, where both 1/f noise and noise floor are presented.
Figure 6.13 shows that the results are in good agreement with the theoretical pre-
dictions using the noise sources considered in the circuit. The measured noise floor
is around 2.5 uV Hz /2, which corresponds to an equivalent magnetic field noise of
1.5pT Hz /2. The polarimeter noise was translated to magnetic field according to
the characteristics of the magnetic-resonance curve, i.e., the slope of the absorptive
curve gives the relation between amplitude and magnetic-resonance frequency. Given
that the magnetic-resonance linewidth is 41.6 Hz and the peak optical rotation signal
is 9.9mV, the voltage-to-hertz ratio is 0.476 mV /Hz. Another recent magnetome-
ter essentially of the same type but with larger vapor cell and magnetic-resonance
linewidth of 2.9 Hz reaches a noise level of 50 fT Hz~1/2 [145].

With the present design, measurements with a signal-to-noise ratio of 70 dB can
be made by using the lock-in amplifier with an equivalent noise bandwidth (ENBW)
of 1.25 Hz.
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Figure 6.13: Theoretical and measured noise densities of a two-stage current-to-voltage con-
verter.

6.4 Equivalent magnetic field noise measurements

For low-frequency noise characterization of the magnetometer in the laboratory, dif-
ferent runs during periods of at least twelve hours were carried out. The amplitude
spectral density for the magnetic noise measurements of the magnetometer is

SH2 tem =7 (S + So.2, +2CS0, 0,50,.0)"%, (6.10)

where Sq,, is the noise power density of the modulation frequency, Sp o, is the noise
power density of the phase fluctuations translated to frequency, v is the gyromag-
netic ratio for ¥3Cs (3.5 HznT~!) and C is the correlation coefficient for partially
correlated signals [136].

The measured equivalent magnetic field noise of the system shown in Figure 6.14
is around 50 pT Hz /2 at 0.1 mHz and fulfills the requirement given in Eq. (6.2). The
current applied to the coil has also been measured and converted to the equivalent
magnetic noise, where, as expected from the estimated value in Section6.3.1, the
noise level is around 8pT Hz %2 at 0.1 mHz. The excess noise observed in the
magnetometer at sub-millihertz frequencies is well over the noise applied by the coil.
Then, it has been proved that the characterized electronic noise contribution does not
limit the performance of the magnetometer at the lower end of the eLISA bandwidth.
Now that the main electronic noise sources have been characterized (current source
and detector noise), further work can be done in order to unveil the noise limits
at low-frequency, such as light shifts induced by the laser light or alkali density
fluctuations. At higher frequencies, the magnetometer noise-floor measurement is
~ 2.5pTHz /2, which is in agreement with the equivalent magnetic field noise
calculated for the polarimeter in Section 6.3.2 (the theoretical estimation considering
the polarimeter and the shot noise for Q,, = 19.45kHz is 3pT Hz~'/2). The main
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6 Low-Frequency Noise of an Atomic Magnetometer

contributors to the noise floor are the op-amp voltage noise for the first stage of the
TIA and the photocurrent shot-noise of the incident light. The theoretical estimation
of the additive noise due to the polarimeter, shot-noise, and current source is shown
in Figure 6.14 (black trace).
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Figure 6.14: Equivalent magnetic field spectral density for the magnetometer (red trace)
and equivalent noise applied by the floating-load current source (blue trace). Differences at
frequencies higher than 10 mHz between the experimental measurements and the theoretical
behavior of the current source (Figure6.8) are due to the limited resolution of the digital
multimeter (Agilent 34461A). The black trace is the sum of the theoretical noise of the
current source, the polarimeter and the shot noise at €2, = 19.45 kHz.

6.5 Conclusion

We presented the noise performance of an atomic magnetometer based on NMOR
with modulated light at sub-millihertz frequencies. To quantify and discern electronic
contributions from the overall noise measurement, the polarimeter circuit and the
current source for the leading field were characterized in terms of their intrinsic
noise and thermal dependence. The estimation of the noise of the circuits is in good
agreement with the measurements, which are clearly dominated by the electronic 1/ f
noise at lower frequencies and where the thermal effects start to appear below the
measurement bandwidth (< 0.1 mHz). The designed current source creates a quiet
magnetic environment which allows us to measure the atom-based sources of drift
within the desired bandwidth. In addition, the polarimeter circuit operates below
the photon shot-noise level between 1 and 10kHz; above this frequency range the
current-to-voltage converter exhibits gain peaking, which can be readily improved.
The magnetometry technique presented herein proves to be a promising technology
for eLISA in terms of sensitivity, given the fact that it is well within the eLISA
requirement at 0.1 mHz. However, due to the size, weight and power restrictions
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6.5 Conclusion

for space applications, further work on sensor miniaturization and its effects on the
sensitivity and low-frequency drifts should be performed. This work might also be
useful in other magnetically sensitive fundamental physics experiments beyond the
scope of eLISA, where small sensors with long-integration time are required, such
as the search for a permanent electric dipole moment of the neutron [23] and the
STE-QUEST mission [9].
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Chapter 7

Conclusions and Future Work

The most relevant outcomes and conclusions throughout this dissertation are out-
lined in this last chapter. We also point out some of the future work and research
lines that will be useful not only for the magnetic field monitoring in eLISA-like
space missions, but also for the wide field of magnetometry.

7.1 Conclusions

The key aspect of the work described herein is focused on the development of a
system capable of monitoring the slow drifts of the environmental magnetic field in
eLISA by using chip-scale magnetometers.

The current eLISA magnetic measurement system is based on LISA Pathfinder’s,
where mature fluxgate technology was selected due to its proven low-noise along the
measurement bandwidth (1 mHz < w/27 < 30mHz) and its actual availability for
space applications. Different test campaigns were carried out for the validation of
the magnetic related passive and active hardware, this is, the magnetic measurement
subsystem and the instrumentation for magnetic field generation, respectively. The
experience that we gained during the validation of LISA Pathfinder’s fluxgates indi-
cates that their use for magnetic field estimation at the TM position presents a few
drawbacks driven by the two basic factors that follow.

e Permalloy-core magnetometers are able to disturb their magnetic surroundings
due to the employed measurement principle,

e sensors of large size conflict with the possibility of having a sufficient number
of them to map the magnetic field properly.

In LISA Pathfinder, these factors limited the total number of triaxial sensors to only
four, which moreover had to be placed somewhat far from the TMs (> 18.85cm). As
a consequence, the unsatisfactory quality of the reconstructed field at the TM using
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classical interpolation methods does not correspond to the the excellent performance
of fluxgate. In order to overcome the aforementioned limitations and to ensure a
more solid, agreeable approach to the more demanding eLISA objectives, a sufficient
number of smaller sensor devices with lower magnetic back-action effects are required.
Apart from this, the instrument measurement bandwidth in eLISA is reduced down
to 0.1 mHz. One other added difficulty is that the need for using miniaturized sensors
also compromises noise performance. These aspects are among the more challenging
issues we met in this thesis.

In spite of the dominant 1/ f noise behavior of chip-scale magnetoresistive sensors,
which exceeds the defined requirements, the technology emerges as an alternative to
the drawbacks found in the LISA Pathfinder’s fluxgate magnetometers. With the
purpose of improving the noise characteristics, different electronic techniques were
performed in the millihertz band. Among the different noise reduction techniques,
the most useful for our particular objective are flipping and electro-magnetic feed-
back. The former helps to mitigate the 1/f contribution, and the latter overcomes
the thermal dependence and minimizes the additional noise by means of a closed-loop
controller. The achieved noise performance shows significant improvements, which is
comfortably compliant with the preliminary mission requirement. Therefore, AMR
magnetometers with dedicated noise reduction techniques are revealed as a solution
for eLISA in terms of noise. As far as we know, the results presented herein give the
best noise characteristics that have been published so far when using AMR in the
frequency range of the millihertz. In addition to this, a simplified flight model of the
currently proposed magnetic measurement system for eLISA has been integrated in
the 3Cat-2 CubeSat (UPC) so as to increase the technology readiness level (TRL)
of the instrument.

eLISA-like space missions entail a thorough knowledge of the spacecraft magnetic
field since the on-board experiment can only operate propitiously if the magnetic en-
vironment achieves the required performance. For this reason, the potential magnetic
sources allocated in the spacecraft need to be carefully characterized. In this regard,
the same as with the fluxgate device, AMR contains a magnetic core as sensor head.
However, for the purpose of maintaining the magnetic cleanliness needed for eLISA,
the use of AMRs poses a clear advantage over classical fluxgate magnetometers due
to the fact that the amount of ferromagnetic material present in their cores is much
smaller. In order to quantify this contribution, magnetic moment measurements of
the AMR sensors were taken by using very sensitive SQUID magnetometers. The
magnetic impact depends not only on the magnetic properties but also on the noise
reduction techniques. The analysis demonstrates that, owing to the inherently low
magnetic moment of the AMR and its operation principles, eight magnetometers
per TM can be attached in symmetrical configuration to the outside wall of the vac-
uum enclosure without the risk of back-action effects. For this reason, the proximity
of the magnetic sensors to the TM does not present a problem for the magnetic
performance and the magnetic noise they induce is mostly negligible.
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The suggested eight-sensor layout has consistently produced good quality results
in estimating the magnetic field and its gradient at the positions of the test masses
by using the multipole expansion algorithm. This problem solves one of the key
aspects in the LISA Pathfinder’s magnetic measurement system, the accuracy of
the magnetic field map reconstruction. The results, which do look encouraging,
proves mean errors lower than 1% and 2% for the magnetic field and magnetic
field gradient, respectively. Hence, the proposed magnetic measurement system for
eLISA represents an improvement of the magnetic field estimation error of more
than two orders of magnitude compared to the hardware solution implemented in
LISA Pathfinder using the same interpolation method. The proposed system has
the ability to deliver proper results under different simulated magnetic scenarios,
unpredictable offsets of the magnetometer readings, and imprecisions in the spatial
location of the magnetometers. Thus, the study demonstrates a robust approach that
does not need any a priori knowledge of the magnetic structure in the spacecraft. It
must be remarked that this improvement has been achieved due to the small size and
low magnetic back-action offered by the AMRs, which makes it possible not only to
install more sensors but also to place them closer to the TMs. These are remarkable
findings that prove that the use of AMRs combined with multipole expansion will
yield reliable estimates of the magnetic field map at the test masses location.

Other than the investigation performed with fluxgate and AMR sensors, further
research was done with another modern and very promising technology based on
nonlinear magneto-optical rotation (NMOR atomic magnetometer). The purpose
was to evaluate if the NMOR magnetometer with modulated light was suitable for
low-frequency noise applications like the eLISA concept. To quantify and discern
the technical noise from the overall noise measurement, the dominant electronics
contributions were characterized and minimized. The quiet magnetic environment
generated for the sensor noise performance allowed us to measure the atom-based
sources of drift within the desired bandwidth. At higher frequencies, the detector
noise of our breadboard magnetometer was dominated by the photon shot-noise
level between 1 and 10kHz. We found the technology appropriate for eLISA in
terms of sensitivity, given the fact that the noise level at 0.1 mHz was two orders
of magnitude lower than for AMR. However, further work must be done on sensor
miniaturization and its effects on the sensitivity and low-frequency drifts in order to
make the magnetometer compliant with the size restrictions for space missions. As
a general outlook, Figure 7.1 shows a comparison of the best results obtained for all
the three technologies studied in this thesis.

Finally, we remark that the work described in this thesis is likely to be useful
beyond the scope of eLISA, especially for space applications like STE-QUEST, with
strict constraints in volume, weight, power, magnetic cleanliness, and low magnetic
noise at low frequencies.
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Figure 7.1: Noise comparison between fluxgate, AMR, and atomic sensors.

7.2 Future work

eLISA is currently under the mission concept study and its requirements at the sub-
system level are still not fully defined. Besides, LISA Pathfinder will fly at the end
of 2015 and the mission operations, expected to be finished by 2016, will obviously
provide useful debugging information of the magnetic performance, guiding us to-
wards the requirements needed for eLISA. Therefore, regarding the eLISA magnetic
subsystem, our findings look promising, but there is still a lot of work to be done.
The technology roadmap to be followed in the future line of work is summed up
below.

The technology demonstrator of the eLISA magnetic system embarked in the
3Cat-2 CubeSat is expected to be launched in 2016. Thus, the analysis of the in-
flight data will shed light on the effect on the intrinsic noise behavior of the AMR
under space environment conditions.

Concerning the atomic magnetometer, the miniaturization of the device and its
consequence on the low-frequency noise is a top priority in order to make the tech-
nology ready for space applications. The miniaturized design can be based on fully
integrated chip-scale magnetometers [169] or microfabricated remote sensor heads
coupled to the laser and photodiodes through optical fibers [36]. The evident benefit
of the first design is the possibility to include all the components in a single chip.
By contrast, the advantage of the latter approach is to keep the cell clear of possible
magnetic disturbances caused by electrical connections. Besides, the second design is
specially useful when an array of sensors is required since some parts can be shared,
such as the stabilized laser, the modulator and some optical elements. In particu-
lar, microfabricated remote atomic magnetometers is the preferred option for eLISA
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due to the size, weight and power restrictions when an array of magnetometers is re-
quired. This technology has no flight heritage as a space science instrument, and one
of the motivations of the future work is to increase the TRL of the sensor and verify
the scope of its science measurement capability in a space environment. For eLISA,
a sensor array configuration combining AMR and compact atomic magnetometers
can be investigated. The main advantage of this arrangement is that atomic mag-
netometers, which are absolute sensors, can be used for in-flight calibration of the
AMR sensors.

The negligible contribution of the AMRs on the acceleration noise was calculated
on ground of the worst cases magnetic environmental scenario for LISA Pathfinder.
We remark that for a better estimate of the magnetic effects, detailed knowledge of
the magnetic sources (low-frequency fluctuations, dc, and ac magnetic lines) in the
eLISA spacecraft is necessary. It is therefore convenient to procure this data to the
best possible extent for a more faithful estimation.

Last but not least, it is worth mentioning that the design of the space atom
interferometer in STE-QUEST is currently under study by a European consortium.
Thus, the magnetometers distribution of the magnetic field monitoring system will
be studied in a more advanced phase of the scientific mission.
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Appendix A

Calibration of the LISA
Pathfinder Controlled Current
Source

This appendix reports on the result obtained during the activities performed in the
validation of the controlled current source within the magnetic diagnostics of LISA
Pathfinder. The purpose of the test is the on-ground calibration of the current
source in order to determine the response of the output current in relation to the
coil telecommands.

A.1 Test items

During the test campaign the two data acquisition units (DAUs) of the flight model
data management unit (DMU) were validated. Table A.1 shows the items and soft-
ware versions available for the calibration.

Table A.1: Test items for the calibration of the controlled current source. BSW, boot
software; ASW, application software.

Type Manufacturer Reference Code
DMU NTE/IEEC L3100-002 FMDMU
BSW IEEC 1.7

ASW IEEC 2.0.090609
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A Calibration of the LISA Pathfinder Controlled Current Source

A.2 Coil output current vs sine amplitude telecommand

The test is intended to reproduce the telecommands of the coil wave generation
transmitted from the data processing unit (DPU) to the DAU, in particular the
telecommands in charge of controlling the amplitude of the sinusoidal signal to be
applied to the coil. Table A.2 summarizes the codification of these telecommands
packets [114].

Table A.2: Telecommands used for the coil current.

Telecommand ID Information Data byte Current
11111111 Pos. full range
00000000  Neg. full range
11111111 Pos. full range
00000000 Zero scale

Coil current 00001000

Sine amplitude 00010000

The DAU was commanded to sweep the sine amplitude from minimum to max-
imum current intensity values by means of a Python script. The test sequence is
shown in Table A.3, where every step of the sweep profile lasted 10 seconds.

Table A.3: Sequence of telecommands sent by the Python script to the DPU.

Coil current Sine amplitude Current [mA]
0 255t0 0 -4.2t00
255 0 to 255 0 to 4.2

A high stability resistor (1k€2, 0.01%, and 6 ppm K~!) was utilized as the load
for the current pump. The current measurements through the resistor were taken
with an Agilent 34410A digital multimeter with a sampling frequency of 2.44 Hz,
and the data were acquired by means of a PC connected via GPIB to the digital
multimeter. The test setup is shown in Figure A.1.

A.2.1 Test results

Table A.4 shows a summary of the results for the coil currents that will be used in
the magnetic experiment on board the LTP [45]. The current intensity value in each
point was averaged with 10 samples.

The uncertainty of the measurements has been inferred by using Eqs. (A.1) and
(A.2).
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Figure A.1: Setup for the calibration test of the controlled current source of the DMU.

Table A.4: Summary of the calibration for the controlled current source of the flight model
DMU. Data bytes of the telecommands are shown in decimal format.

Sine amplitude | Coil current Ineax | Loffset Agin U U
ID: 00010000 | ID: 00001000 | [mA] [A] [mA] [uA] | [%]
0 -0.5192
30 955 0.5046 -7.3 | 0.5119 | 11.03 | 2.16
59 0 -1.013 -10.5 | 1.0025 | 13.65 | 1.36
255 0.992
DAUL 0 1.508
88 955 1.481 -13.5 | 1.4945 | 17.13 | 1.15
0 -2.019
118 955 1,085 -17 2.002 | 21.18 | 1.06
0 -0.5058
30 955 0.5029 -1.45 | 0.5044 | 11.01 | 2.18
60 0 -1.004 1.5 | 1.0055 | 13.69 | 1.36
255 1.007
DAU2 0 -1.501
90 955 1.509 4 1.505 | 17.24 | 1.15
0 -1.999
120 955 2013 7 2.006 | 21.24 | 1.06
(5] 2 u9 2 us 2
= — | +l—=) + (—) + 02 Al
(%) + () G (A1)
= k-uc (A.2)
where
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Figure A.2: Coil current sweep. Current as a function of the sine amplitude telecommand.

e u. is the combined standard uncertainty,
e U is the expanded uncertainty,
e U1 = (Imax — Imin)/2% is the quantization of the sinusoidal waveform,

e uy = 0.05 % of reading + 0.02 % of range, which is the accuracy of the digital
multimeter,

e u3 = 0.00044 mA is the uncertainty in the certificate of calibration of the
multimeter,

e k= k' =2 are the coverage factors,

o is the standard deviation of the measurements for 10 samples.

The terms u; and ug in Eq. (A.1) are divided by the square root of three due to the
probability distribution used, and ug is divided by the coverage factor indicated in
the certificate of calibration of the instrument (k¥ = 2). In Eq. (A.2), the combined
standard uncertainty is multiplied by a coverage factor (k = 2) in order to estimate
the expanded uncertainty, increasing the level of confidence to around 95%. The
calculation of the uncertainty is based on the recommendations given in the guide
to the expression of uncertainty in measurement [87].

The uncertainty increases with the current source resolution, and the resolu-
tion depends on the amplitude of the sinusoidal waveform commanded by the DPU
(see Section 2.2). Therefore, the greater the amplitude of the wave, the larger the
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Figure A.3: Uncertainty of the measurement as a function of the sine amplitude telecom-
mand.

uncertainty of the measurement. Figure A.3 shows the response of the uncertainty
as a function of the commanded sine amplitude for both DAUs.
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Appendix B

Noise Analysis of Current
Sources

The low-frequency noise analysis of several typologies of voltage-to-current convert-
ers (Howland, improved Howland, floating load, and differential) is assessed in this
appendix. The results are also compared with experimental data.

For the design of the current source, we consider an output current of 4mA for
a load of 1.8k(). These values are the maximum current defined by requirement
and the nominal resistive load of the magnetic coil in LISA Pathfinder. The input
voltage of the converter is provided by a precision 10 V voltage reference.

B.1 Howland current source

First, we analyze the noise of two slightly different Howland implementations. These
are the classical Howland and the improved Howland current pump.

B.1.1 Classical Howland

Figure B.1 shows the noise sources for the classical Howland current pump. This
includes the equivalent noise voltage and current sources of the op-amp, and the
thermal noise voltage from the resistors. Apart from this, we also consider the noise
coming from the voltage reference used as input voltage.

Noise parameters for the op-amp and voltage reference used in the current pump
are shown in Table B.1. Notice that manufactures specify the voltage spectral density
of the op-amp as e
thesis, the low-frequency noise is modeled according to Eq. (B.1)

= 61211 + 6?127 and the current noise is 7, = iy1 = in2. As in the
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<ﬁﬂ:4m@+§f) (B.1)

i%ﬁ%mQ+@ﬁ (B.2)

where ey, wn and iy wn are the respective white-noise voltage and white-noise current
specifications. fce, and f.;, are the corner frequencies of the 1/f response at which

e?l(fcven) = e121,wn and i?l(fcvin) = 7:121,wn‘

Table B.1: Noise parameters for the operational amplifier (OP27) and the voltage references
(REFO01 and AD587) used in the analysis. The corner frequencies of the voltage references
are fitted by experimental data.

IC €n,wn fc,en in,wn fc,in
[WVHz '] [Hz] [pAHz 7] [Hy
OoP27 0.003 2.7 0.4 140
REFO01 1.7 2.5 - -
AD587 0.1 35 - -
R2 Ce
®
Cu Rl €nl 1ot
Vi o— : F— >
%] Cn2 SEm—
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z, | L

Figure B.1: Classical Howland current pump including the noise sources considered for the
analysis.

The different noise sources in Figure B.1 are then referred to the output as
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B.1 Howland current source

iy = el (1 + gif J;i’ (B.3)
o= iRl (B.4)
i2 4 = 4kpTRy <Z?>2 ]%, (B.5)
iy = 4kBTR2}%, (B.6)
is 5 = 4kgTR3 <1 + giy ]%, (B.7)
ing = 4kBT];4, (B.8)
in 7 = Eavief (gj)Z };217 (B.9)

(B.10)

where kg is the Boltzmann constant, 1" is the temperature, and e, vrer is the voltage
noise of the voltage reference at the input of the current source. Then, the output
noise spectral density of the current source is

7
ino=Y iy (B.11)

To achieve the true current-source behavior in this typology the ratio Ra/R;
must be equal to Ryp/R3. For this condition, the current output does not depend
on the load (I, = —Vi/R;); then, the specifications for the current source mentioned
above lead to Ry = R3 = 2.5k(). For a proper functioning of the circuit, the range
of permissible values of the load voltage (11,) assuming symmetric output saturation
(Vzat) is given by [62]

‘VL’ < Vsat- (B'12)

1
Ry + Ry
In order to enlarge the range of Vi, which is called voltage compliance, we need
R2 = R4B >~ 0.1R1 ~ 195 9.

The theoretical and experimental amplitude spectral density for the Howland
current source is shown in Figure B.2, where the voltage reference becomes the major
contribution. The noise estimation using the voltage reference AD586 instead of
REFO01 improves the performance a factor of four.
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Figure B.2: Noise spectral density for the Howland current source using two different voltage
references. Noise curve of the improved Howland pump analyzed in SectionB.1.2 is also

shown.

B.1.2 Improved Howland

For the improved Howland current pump a resistance is included in the positive
feedback with the purpose of reducing power consumption. The slight modification
is shown in Figure B.3, where the same noise contributions as in the previous case
were considered for the analysis.

R =
)
S Rl € in
Vp—@—w— >
(S €2 —|
%7—/\/\/;@ + ¥ ) Eus
R3 in2
(%) R4B
) = \
Eua AA |
Z 0

Figure B.3: Noise sources considered for the low-frequency analysis of the improved Howland

current pump.
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B.1 Howland current source

The noise contributions in the improved Howland current pump are referred to
the output as

R 2( 1 )2
.2 2 2
i, = en| 1+ == — , B.13
, (1+3) (s (B.13)
1
2 -2 D2
= R5—— B.14
ln,2 tn 2R4218, ( )
. 5 ( R3Rua 2( R2>2 1
2 2
2, = 2= ) (1422 ) =, B.15
3 <R3 + R4A> Ry RZB ( )
RsR Ry\? 1
9 34igA 2
= 4dkpT—220 (1422} ——, B.16
tna B Rs + Rya ( + R1> RZB ( )
. 1
ihs = 4I<:BTR2R—2, (B.17)
4B
Ry\? 1
.2 2
= 4kgTRi | = | —— B.18
tn,6 B 1<R1> RiB’ ( )
1
i2. = 4kpT——, (B.19)
’ Rup
. Ry\? 1
ing = Coviet (R1) R, (B.20)

The total output current noise is

8
.2 .2
Zn,o = Zzn,k (B21)
k=1
In the improved Howland, the current-source behavior is achieved when Ry/R;

matches (Rqa + R4p)/R3. Then, the output current through the load, assuming Rya
much greater than R4g, is given by

L =-vitz 1 (B.22)

and the voltage compliance can be approximated as

Vil < Vi — 22 W (B.23)
1

The resistor values are solved considering the above-described restrictions and mini-
mizing the total output current noise in Eq. (B.21). The theoretical current spectral
density for the improved Howland current source, which is slightly greater than
the classical Howland when using the same voltage reference (AD587), is shown in
Figure B.2.
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B Noise Analysis of Current Sources

B.2 Differential current source

Another simple grounded-load typology of voltage-controlled current source uses a
differential amplifier with unity gain. The analyzed circuit with the noise contribu-
tions is shown in Figure B.4.

Figure B.4: Differential current pump with the noise sources considered for the analysis.

The noise sources in the differential current pump are then referred to the output
as

. 1
7’%,1 = e%ﬁ, (B.24)
1
. . 1
iny = lileﬁa (B.25)
1
ing = o, (B.26)
1
ing = AkpTRs 73, (B.27)
1
1
ihs = 41<:BTR—1, (B.28)
. 1
Zi,ﬁ = e?lVrefﬁﬂ (B.29)
1
(B.30)
and the total current noise is
6
Qo= it (B.31)
k=1

The circuit was evaluated by using the unity-gain differential amplifier AMPO03.
Therefore, in view of the noise sources provided by the manufacturer (enwn =
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B.2 Differential current source

20nV Hz~'/? and feen =~ TOHz), the analysis is finally done considering the con-
tributions in Figure B.5.

Figure B.5: Noise sources in a differential current source using the AMPO3.

1
+2 2
in1 = €n5a (B.32)
1
ing = 4kBTR—1, (B.33)
. 1
iy = ei\/refﬁa (B.34)
1

then the total power spectral density is
3
o= iy (B.35)
k=1
For this typology the load current is defined as

(Ad - 1)VL - Ad‘/in Vin

I, = =—— B.36
7 R (B.36)

with a very restrictive voltage compliance of

Vi, < Viat — IRy (B.37)

Thus, the noise curve of the differential current source for Ry = 2.5k is shown in
Figure B.6. Experimental results are also compared with the theoretical ones for the
voltage reference REF01.
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10
—Experimental REF01
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Figure B.6: Theoretical and experimental noise spectral densities for the differential current
source.

B.3 Floating load current source

The last typology is a floating-load converter called load-in-the-loop current source,
in which the load is the feedback element of the op-amp. For our purpose, none
of the coil terminals is required to be committed to ground, so the floating type is
a suitable option. Figure B.7 displays the noise sources considered for the current

pump.

inO
—_—
ZL
Cu Rl €nl Ini
\4 o—@—% ~
I BN AN
+
(S1%] Cn2 . OP_27
In2
R2

Figure B.7: Noise sources in a floating-load typology.
The noise terms to be taken into account for this floating load configuration are
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B.3 Floating load current source

the following;:

iny = ni, (B.38)
1
ing = 4k31jﬁi, (B.39)
1
s = Cag (B.40)
1
. 1
’L%A = einefﬁv (B'41)
1

and the overall power spectral density of the source is given by

4
2 2
ino = Z (e (B.42)
k=1
A bias resistor Ry = Ri||Rp, ~ 1k is installed to minimize the effect of the
small currents at the input terminals (I, and I,,) of the op-amp
Ry,

%:5&<L+>—Am. (B.43)
Ry

—ref01
—AD587
—_ AD587 with coil
< 108 ---Theoretical REF01
'N --Theoretical AD587
T
<
— "
8 1()_9 3 M'V\'f:‘:-‘:: " b
< T""‘1‘l".l,l_!:_':.|i v I'll"i“f'-“l.
-10
10 1 1
10° 107 ! 10°

1
frequency [Hz]

Figure B.8: Theoretical and experimental noise spectral densities for the load-in-the-loop
current source with two different voltage references. A high stability resistor was used as
load for all the measurements except for the green trace, where the LISA Pathfinder coil was
connected instead of the resistor.

The theoretical current spectral density of the load-in-the-loop current source
is shown in Figure B.8. Noise measurements were taken for comparison purposes,
where the experimental results are in agreement with the one estimated theoretically.
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B Noise Analysis of Current Sources

The differences at frequencies higher than 100 mHz between the measurements and
the theoretical estimate are caused by the resolution of the digital multimeter.
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Appendix C

Temperature Coefficient of the
Improved Howland Pump

This appendix details the estimations of the temperature coefficient of the improved
Howland current source used in LISA Pathfinder.

C.1 Improved Howland current source

The analysis is done in the Howland typology shown in Figure B.3. For a practical
voltage-to-current converter, the transfer characteristics for an input voltage V; can
be expressed as

I, = AVi+ (1/Ro)W, (C.1)

where V7, is the output load voltage, A is the gain of the transconductance amplifier
in AV—!

Ri(Rya + R4B) + RoRya

A= C.2
RiRyp(R3 + Raa) (©2)
and 1/R, is the output conductance seen by the load
RoR3 — Ry (R R
1/Ro = Y = 2113 1(R4a + RyB) (C.3)

RiR4p(R3 + Ran)

Therefore, for an ideal current-source behavior, I, has to be independent of V1, i.e.,
R, = co. This condition is achieved if the resistors are balanced as
Ry Rya + Ryp
Ry Ry
If the resistance ratio is unbalanced, an equivalent resistance will appear in parallel
with the load and, in consequence, the circuit will not work as a true voltage-to-
current converter.

(C.4)
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C Temperature Coefficient of the Improved Howland Pump

C.2 Temperature coefficient calculation

In practical situations the balance condition of the Howland pump is not achieved due
to the temperature coefficients () and tolerances (tol) of the resistors. According
to Eq. (C.4), the worst-case condition is given by

Ry(1+ ) _ Rya(1 —2) + Ryp(1 — x)

, C.5
Rl(l—l‘) R3(1—|—.%‘) ( )
where
x = tol + aAT. (C.6)
Substituting the unbalanced resistances of Eq.(C.5) into Eq.(C.3) lead to
14+ 2)? - (1—x)?
Ryp(1 — 2)?[R1(1 + ) + Rya(1 — z)]
Then, expanding Yp as a Taylor series, we obtain
4Ry 4R2(R1 + 3R4A) 9
Y =~ T x“, C.8
"7 Rup(Ri+ Raa)” | Rap(Ri+ Ran)? (©5)
which can be written as
Yg ~ Bg(tol + aAT) + Cg(tol + aAT)% (C.9)

Our concern is the second term of Eq. (C.1), YV, in which V7, can be expressed
as

Vi = IonR1(1 4+ BAT), (C.10)

where I, = ViRy/(R1R4g) is the nominal output current for a balanced source, ATp
represents changes of temperature at the load position, and Ry, and 5 are the nominal
resistance and the temperature coefficient of the load, respectively. Multiplying
Eq. (C.10) by Eq. (C.9) we get

YV = BBfoynRL(l + ,BATg)(tOl + OzAT) +
4+ CplonRy(1 4 BATs)(tol? + (aAT)? + 2tolaAT). (C.11)
Now, assuming small temperature changes and considering only first-order temper-

ature dependent terms, Eq. (C.11) is simplified as

VeV ~ IonRi [B(Bgtol + Cptol®)ATs + (Bpa + 2Cpatol) AT
IonR1,Bg(BtolATg + aAT). (C.12)

%
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C.2 Temperature coefficient calculation

For laboratory conditions, the variations of temperature at the current source loca-
tion are similar to those one in the load, i.e., AT ~ ATg. This leads to

YV =~ IO7HRLBB(6tOZ + Oé)AT (013)
In the same way as for Y, the term A in Eq. (C.2) can be expanded as

Ry Ro(Ri—3Ri)
RiRys RiR4(R1 + Raa)
RQ(R% — 2R Ry + 5R421A) 9
RiR4p(R1 + Ryp)? v
= AA+BAJ:+CA:L'2. (C.14)

A

%

Rearranging with the aforementioned considerations, we have

AVi = [(Ba +2Catol)aV;|AT
~ BaaV;AT. (C.15)

Finally, the output current in terms of temperature is
I, = [BaVia+ I,y Ry, Bg(fStol + )] AT.

Substituting I,, = 4mA, Ry, = 1.8k, = 4000ppmK~!, By = Rz = 100kQ,
Ry = Ryn + Rup = 10kQ 4+ 267Q = 10.267k<Q, tol = 1%, and o« = 100 ppm K1, the
calculated temperature coefficient of the current source is 1.2 x 1079 AK~!. Conse-
quently, if the required stability of the current source is 110 nA Hz=1/2 at 1 mHz, the
temperature fluctuations need to be lower than 91 mK Hz~1/2 also at 1 mHz.

For satellite conditions, the thermal environment where the current source is
located is different than in the load. That is, AT, which is outside of the LCA, is
much greater than ATg. Taking this into account, the output current is

Io ~ (BAV; + IOJIRLBB)OtAT.

The temperature coefficient for this particular case is 0.8 x 1076 A K—!. Therefore,
the temperature fluctuations in the current source should be lower than 137 mK Hz~1/2
at 1 mHz in order to avoid excess noise due to the thermal contribution.
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Appendix D

Errors and Temperature
Coefficients of the Magnetic

Measurement System with
AMRs

We have analyzed a worst-case estimate of the temperature coefficients and errors
for the different stages of the magnetic field monitoring system using AMRs. The
theoretical expressions and results of the most important error contributions for the
proposed instrumentation is given in this appendix. In particular, the temperature
coefficient is a relevant parameter in the circuit design since the slow temperature
drifts couple to the thermal dependence, thus showing up as low-frequency noise.

D.1 Sensitivity of the AMR Wheatstone bridge

The quantitative analysis was done along the measurement chain described in Chap-
ter 3 (see Figure 3.4), where the contribution of each stage of the signal conditioning
circuit is considered individually. These errors are divided into zero and gain errors.
The latter, which are more common in our particular case, increase as the Wheat-
stone bridge gets more unbalanced. However, electro-magnetic feedback technique
maintains the output voltage close to the null point (balanced bridge). Therefore, the
gain errors barely affect the measurement. On the other hand, part of the zero errors
are eliminated by means of the ac modulation when using the flipping technique.

The AMR sensor changes the value of its electrical resistance in response to an
applied magnetic field. This resistance-magnetic field dependence can be modeled as
in Eq. (3.2). Thus, the output voltage of the four-sensor Wheatstone bridge is given
by
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D Errors and Temperature Coefficients of the Magnetic System

Ry, + ARy Ry, — ARy ARy,
Vo = W ! — ! =W =L, AR D.1
b |: 2}%b,n 2]%b,n b Rb,n b b ( )
B B \? AR
= L AR—/1—- | — ~ [,— B,
AR (BO ) > Bo
Bm<B0/2

and the sensitivity of the bridge with the magnetic field (sp) is calculated deriving
the bridge output voltage

o = W AR B —2B2 1 AR (D.2)
b - ——— = b7227 ~ bV - .
dBm By /B3 — B2 Bu<Bo/2 By
By definition
5b=5AMR Vb, (D.3)

where sayMg is the sensitivity of the AMR. The output of the bridge is then

Vo = samr Vo B (D.4)
Therefore, substituting into Eq. (D.1) we find

ARb = SAMRRb,an~ (D.5)

According to the manufacturer, sayr = 324V V™! uT~! and Ry, = 85062 are the
typical sensitivity and nominal resistance of the AMR, respectively. In the following
sections, each stage of the magnetic measurement system is analyzed separately.

D.2 Errors and temperature coefficients

D.2.1 Bridge current source

The Wheatstone bridge is powered by the current source shown in FigureD.1 with
the purpose of minimizing the sensitivity to temperature of the magnetoresistance. In
this circuit, the tolerance of the resistors and the operational amplifier non-idealities
will affect the bridge voltages and thus the measurement.

Resistors

A gain error is caused by the tolerance of the resistor R; contained in the current
source circuit. Assuming a worst-case estimate, the error can be calculated as
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D.2 Errors and temperature coefficients

Z.
R,
V, o0—nn >
1 5V,
+

Figure D.1: Current source circuit for the magnetoresistance bridge. Zp, is the equivalent
resistance of the AMR Wheatstone bridge.

€V tol s1 =

Vi tol
Ry |1 —tol
where tol = 0.01% is the resistor tolerance and I;, = 5mA is the bridge current.
Therefore, the absolute error is

] ARy ~ %tolARb = Iytol ARy, (D.6)
1

€Viol s1 =5 X 1077 - ARy, (D.7)
Similarly, the output voltage also depends on the sensitivity of the resistance to
temperature. Hence, this error can be expressed in units of VK™™' as
ev,TC s1 =~ Ihar ARy, (D.8)
where ag = 0.6 ppm K~! is the resistor temperature coefficient. Substituting into
the equation, we obtain
ev.Tc s1 ~ 3 x 1077 ARy, (D.9)
We have adopted the above mentioned parameters of the resistances (tol and ag)
along this whole appendix.
Operational Amplifier

The static op-amp limitations such as the input bias current (Ipi,s), the input offset
current (Ipg), and the input offset voltage (Vog), come into play as

Ry Ios (R Vos
ool s1 = |1Ini — —1 — | = +1 —= | ARy, D.10
€V,opl sl |:bas<R1 >+ 9 (R1+ )JF R1:| b ( )

For the op-amp OP27G, we have I, = 80nA, Ios = 75nA, and Vpg = 100 V.
Considering Ry = 5002 and Rs = 3502, the error is
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D Errors and Temperature Coefficients of the Magnetic System

eVopl s1 =~ 2.4 x 1077 - ARy, (D.11)

where the major contributor of the op-amp input-referred errors becomes the offset
voltage. All these parameters are temperature-dependent. However, their influences
are totally negligible (~ 0.4 x 107!2 - ARy,) compared to the temperature coefficient
of the resistance. Hence, thermal drifts of the op-amp input-referred errors will not
be considered herein.

The open-loop parameters of the op-amp also appear as an error gain in the
measurement. Taking into account the dc open-loop gain Ayq and the differential
input impedance Z4, the current source output can be expressed as

Vil Vo [1 1 1 Vi
A LN G P N (/AL D.12
b R1+Ad(R1+Zd> R1< +Ad> ( )

Therefore, for a maximum bridge voltage the worst case error is

P Vb,max IbRb,max
V,op2 s1 = 5 a1
ope s Ry Aq Ry Aq

Substituting Rp max = 1.2k and Aq = 6 x 10° for the OP27G into Eq. (D.13), we
obtain

ARy, = ARy, (D.13)

eVop2 s =2 X 1078 - ARy, (D.14)

D.2.2 AMR Wheatstone bridge

The tolerance and temperature dependence of the magnetoresistances forming the
Wheatstone bridge can show up as an error in the sensor readout. However, if the
sensor is supplied with a constant current source and, besides, the flipping tech-
nique is used, the effects are mitigated. The output voltage is the average difference
between two consecutive measurements (Vo set and Vo reset) With opposite magnetic
polarization

1
‘/0 - 5 (Vo7 set — ‘/:)7 reset) . (D15)

Therefore, the bridge offset caused by the resistance tolerance can be subtracted since
the sensor output reverses the polarity, while the offset keeps unmodified. Neverthe-
less, the temperature dependence of the sensor continues to affect the magnetometer
sensitivity. The error due to this effect in VK™ becomes

€V, TC s2 = Iyosens AR, = 3 X 10_6ARb7 (D'16)
for agens = 0.06% K1,
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D.2 Errors and temperature coefficients

D.2.3 Instrumentation amplifier

The common-mode voltage signal of the bridge can produce a zero error due to
the finite CMRR of the instrumentation amplifier. For the flipping technique, the
averaged common-mode voltage at the input of the amplifier is given by

Vb < R2 set R4 set
V. = — d + : D.17
oIA 4 Rl,set + R2,set R3,set + R4,set ( )
_ RQ,reset _ R4,reset ) (D ) 18)

Rl,reset + RQ,reset R3,reset + R4,reset
where

Rl,set = Rb,n - A-Rb Rl,reset = Rb,n + ARb (Dlg)
R2,set = Rb,n + A-Rb R2,reset = Rb,n - ARb (DQO)
R3,set = Rb,n + A-Rb R37reset = Rb,n - A]%b (D21)
R4,set = Rb,n - A-Rb R4,reset = Rb,n + A]%b (D22)

Therefore, the common-mode voltage is canceled out during the modulation process
and the zero errors are removed.

On the other hand, the mismatches of the TA internal resistors affect the gain
accuracy of the circuit. Hence, the error referred to the input caused by the gain
accuracy is given by

€V, tols3 = Ib . tOlGIA . ARb (D23)

The gain error given by the manufacturer for the AD524B with a gain of 100V V!
is 0.35%, this gives
eViolss = 1.75 x 107° - ARy,. (D.24)

In the same way, the error due to the thermal dependence of the IA gain is
ev,rcs3 = Ip - agy, - ARy, (D.25)

substituting ag,, = 25 ppm K1, we get
ev.TCcss = 1.25 X 1077 - ARy, (D.26)

D.2.4 Demodulator

The outputs for the two switch states of the synchronous demodulator shown in
FigureD.2 are

Vo,no—inv = Vi,set7 (D'27)
R
Vo,inv = _Eiw,reseta (D'28)
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D Errors and Temperature Coefficients of the Magnetic System

where V;, no inv and Vg iny are the demodulator outputs for the non-inverting and
inverting configuration, Viget = Vi + Vofset, and Vireset = —Vi + Vofset. Assuming
the demodulator output as the averaged difference between two samples for each
configuration, we get

Y Ry
Vo= <1+ R1>. (D.29)
R R>
Vi

O— . V,
—L0

oo *

V

Figure D.2: Synchronous demodulator circuit.

Resistors

For the nominal value of the resistors Ry = Rj, the worst-case error due to the
resistors tolerances is referred to the input as

RQ tol RQ
olst = Vi ~ Vi—tol = Iytol ARy, D.
€V tol s4 VRl |:1—t0l:| VRl o blO Rb ( 30)
thus
€Violsd =5 X 1077 - ARy,. (D.31)

In a similar manner, the temperature coefficient of the resistor has an effect on
the demodulator output. The error referred to the input can be expressed as

evTost ~ [haAR, =3 x 1077 - ARy, (D.32)

Operational amplifier: offset voltage, offset current and bias current

Here we consider voltage offset, input bias and offset current of the operational
amplifier for the analysis of errors (see FigureD.3). The voltage referred to the
input for both switch configuration (inverting and non-inverting configuration) are
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D.2 Errors and temperature coefficients

1 R 1
Vnofinv = IbARb + = Voffset 1+ - + Ibias - ﬁ R2 ) (D33)
Gia R 2

Ro 1 R Ios
Vinv = EIbARb + GfIA [Voﬁset (1 + 1%1> + (Ibias - 7 R2 a(D34)
where G7a is the gain of the instrumentation amplifier. In this case, the offset and
bias effects of the op-amp are not canceled out and appear as a zero error in the

measurement
1
) RQ) | (D.35)

€V,oplsd = GfIA <2|V:)ffset| + <‘Ibias| +

los
2

Figure D.3: Demodulator circuit including offset voltage and currents at the input terminals
of the op-amp.

Operational amplifier: open loop response

In this section, the differential gain, the common-mode gain, the differential input
resistance, and the common-mode input resistance of the op-amp are considered
for the error analysis. FigureD.4 shows the equivalent circuit model for the non-
inverting amplifier with the errors sources included in the estimate. The gain for
this configuration is

R 1 1 1 R
1R+ R (4 + 4)| sodmr H 14 2%

Vo
Vi Ry 1 1 1 ' (D-36)
i 1+ (1+ ) 4 + R (4 + %)
Hence, for the worst case error we get
Ry 1 1 Ry
no-inv =~ 1 B Vs — = D.37
‘ ( +R1> (‘CMRR’+‘Ad>+Zc (D-37)
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Zd@@ o
Z AgVi+A VY,
+

Figure D.4: Operational amplifier with non-inverting configuration including open loop gain
and input impedances.

In a similar way, we have calculated the error for the inverting amplifier shown
in Figure D.5. For this configuration the effect of the CMRR is negligible and it has
not been taken into account.

Zﬁ§>”“
+ Advd+Ac Ve

Figure D.5: Operational amplifier with inverting configuration including open loop gain and
input impedance.

In this case, the gain of the circuit is

Vo —AdR;
Vi Ri(Ag+ 1)+ Ry + B

(D.38)

Assuming Rj is equal to Rg and Zq much larger than R, the simplified expression
for the error is

€inv = 1 I RAd R — Ad- (D39)
W

Substituting Aq = 6 x 105, CMRR = 100000, Zg = 4 M, Z, = 2GQ and R = 10kQ
into the Egs. (D.37) and (D.39), the averaged difference error of both configuration
is

eVop2sd = 7.9 x 1078 - AR),. (D.40)
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D.2.5 Integrator

Figure D.6 shows the integrator circuit that we have considered for the error analysis.

Figure D.6: Integrator circuit.

Resistor and capacitor

The error referred to the input caused by the tolerance of the resistor and the ca-
pacitor is given by

eV tolss = (tolk + tol2) "> ILAR, (D.41)

where tolg = 0.01% is the resistance tolerance and tolc = 5% is the capacitor
tolerance. The error is then

€Violss = 2.5 X 1071 - ARy, (D.42)

In similarity with the previous estimation, the relative error due to the thermal
coefficient of the passive components is

1/2
evross = (k4 +a2) "’ ILAR,, (D.43)

where ag = 0.6 ppm K™ and ac = 30ppm K~! are the temperature coefficients of
the resistor and the capacitor, respectively. Substituting in Eq. (D.43), the error in
V K~! becomes

evToss = 1.5 x 1077 - ARy, (D.44)

Operational amplifier: open loop response

The open loop gain response of an op-amp can be described by
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Aqg
A(s) = D.45
()= (D.45)
where 1/Tj, is the dominant-pole frequency.
R C

g

Figure D.7: Integrator circuit including differential input impedance and finite open loop
gain.

Considering the open loop gain and the input impedance of the op-amp (see Fig-
ure D.7), the gain of the integrator is

(D.46)

Vo(s) _ [ —1 } 1
RiCs] |14 <14;1Tdos> <1+ Rplcs> )

where Ry, is the equivalent of the parallel combination of Z3 and R;. Due to the
large differential gain we can simplified Eq. (D.46) as

V,(s) :[ -1 ]

Rle

1

T T ] ) (D.47)
+ o T AR,

where wy ~ Aq/T, is the amplifier unity gain bandwidth. Therefore, the low fre-

quency response of an integrator can be estimated as

1 AqRy, /Ry

T 1+ A4R,Cs’

E(ss) - [ Rzé’s} (D.48)

1
1 + AdRpCS

This equation is analogous to an ideal integrator circuit with a feedback resistor in
parallel with the capacitor (see Figure D.8).

The response to a step input whose Laplace transform is Vi/s is substituted in
Eq. (D.48)

A 1 1
Vs —vie (Lo L) (D.49)
Ry \s s+ AR
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Figure D.8: Equivalent circuit of the integrator for low frequency errors due to finite gain.

and the inverse Laplace transform is

A =t
Vo(t) = V4 ERP (1 - eAdRpC> : (D.50)
1

Thus, expanding the power series we have

t 12
o t) ~ i — s D.51
Vo(t) = Vi [RlC 2AdRpR102} (D.51)

where the response of an ideal integrator corresponds to the first term, and the
second term is the output error of the integrator. Then, the error is referred to the
input as
t

€ ~

ViP5 = 9 Ag R, C
where Ry = 10kQ, R, = Ry//Zq ~ 10kQ, C = 1puF, and ¢t = 200ms is the
integration time. Finally, the error is accounted for

I,ARy, (D.52)

eVop s5 =83 x 1078 - ARy, (D.53)

We remark that a second integrator between the output and the reference termi-
nal of the IA is used for offset compensation. The errors for this stage are also given
by Egs. (D.43) and (D.52).

D.2.6 Compensation coil current source

The current source in the last stage of the circuit uses the same typology than in
Section D.2.1 (see Figure D.1). Hence, the error due to the resistor tolerance can be
expressed as
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Violss = 5 X 1077 - ARy, (D.54)
and the thermal dependence in VK1 is

ev.Tcss ~ 3 x 1077 - ARy, (D.55)

Operational Amplifier

Taking into account the dc open-loop gain and the differential input impedance, the
current output can be expressed as

Vi W [1 1 1 Vo
= — —_— | = — | = — i - |- D.
=gt (mtz) = () (D.56)

In this case, the output voltage of the circuit is

A A
o= Vi ~ Vi (D.57)
1+Z7;+Z713(1+Ad) 1+7iAd
Hence, the error referred to the input is
b Ap (D.58)
€ 6= . :
V,op s6 1+ 511‘ Ad b

Substituting Z;, = 3.5Q (max. value), Aq = 6x10°, and R; = 500§ into Eq. (D.58),

the error is
€V.opss = —5.8 x 107 - ARy, (D.59)

D.2.7 Analog-to-digital converter
Full scale error

The main error contribution to the dc accuracy of the ADC is the full scale error
(tolG, ). The error referred to the input of the system is

ev,s7 = Iy - tolg, 1, - AR, (D.60)
where the error for tolg, , = 0.5% is
ev.sr = 2.5 x 107° - AR),. (D.61)
On the other hand, the error caused by the thermal dependence is
ev,rest = I - aa, p, - ARy, (D.62)
for G, ,p = 7ppm K~ as the temperature coefficient of the ADC, we obtain

€V, TCs7 = 3.5x107%. ARy. (D63)
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D.3 Total error and temperature coefficient

Table D.1 summarizes the gain errors, zero errors and temperature coefficients for
the different circuits contained in the magnetic measurement system.

Table D.1: Errors and temperature coefficients for the stages of the circuit.

Stage Gain error Zero error TC
V] V] VK]

Curr. source res. 5x 107 - ARy, — 3x 1079 ARy,
Curr. source OP1 24 x1077- ARy — —

Curr. source OP2 2x 1078 . ARy, — —

AMR bridge — — 3x107%- ARy,
IA 1.75 x 107° - ARy, — 1.25 x 1077 - ARy,
Int. res. (offset comp.) 2.5 x 107%- ARy, — 1.5 x 1077 - ARy,
Int. OA (offset comp.) 8.3 x 1072 AR, — —
Demod. res. 5x 1077 ARy, — 3x 1077 ARy,
Demod. OP 79%x 1078 AR, 1.38x107° —

Int. res. 2.5 x 1074 - ARy, — 1.5x 1077 ARy,
Int. OA 8.3 x 1078 AR, — —

Comp. source res.
Comp. source OA

5x 1077 - ARy,
5.8 x 10711 - ARy,

3x1072- ARy,

ADC 2.5x107° - ARy, — 3.5 x 1078 ARy,
Uncorrelated total error Total temperature coefficient
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Figure D.9: Equivalent magnetic error (left) and temperature coefficient (right) of the

system as a function of the magnetic field.

Figure D.9 shows the total error and temperature coefficient of the whole cir-
cuit as a function of the magnetic field.! For a worst-case condition, we added the

'Null point operation due to the close loop controller is not considered.
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D Errors and Temperature Coefficients of the Magnetic System

different errors and temperature coefficients quadratically assuming them as indepen-
dent systematic errors. We remark the importance of the electro-magnetic feedback
technique in order to minimize the overall error and temperature coefficient of the
magnetic measurement system.
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Appendix E

Magnetic Measurement System
in the Cat-2 CubeSat

The 3Cat-2 is a six-unit (6U) CubeSat mission coordinated by the UPC Remote Sens-
ing Laboratory in collaboration with the Institut d’Estudis Espacials de Catalunya
(IEEC). The main objective of the 3Cat-2 is the study of ocean altimetry by means
of global navigation satellite system reflectometry (GNSS-R). Moreover, the 3Cat-2
is also used for validation of novel technological concepts under operational mission
conditions.

The following appendix describes the work done for the CubeSat implementation
of a simplified version of the magnetic measurement system designed in Chapter 3.

E.1 Objective

The aim of this work is to serve the 3Cat-2 CubeSat as a platform for in-orbit
demonstration of the currently proposed magnetic measurement system for eLISA.
This will make it possible to advance the TRL of the instrument. Ideally, eLISA
requires a TRL of 5-6 by 2019. This is before the L3 mission concept selection of
the ESA science program in 2020.

The main characteristic of our experiment is that the AMR sensors integrated
in the payload (eLISA-AMR payload) are magnetically shielded to low-frequency
fluctuations by using a mu-metal enclosure. That will make it possible to characterize
the low-frequency noise performance of the system under the low Earth orbit (LEO)
space environment. Therefore, 3Cat-2 CubeSat will offer the opportunity to measure
the capability of the instrument and will guide the progress towards the improved
magnetic measurement system for eLISA.

155



E Magnetic Measurement System in the 3Cat-2 CubeSat

E.2 CubeSat requirements for the eLISA-AMR payload

Low-cost satellites have especially demanding constraints regarding power consump-
tion, physical dimensions, weight, and on-board data handling, which restrict the
performance of the on-board instrumentation. TableE.1 shows the principal re-
quirements imposed by the 3Cat-2 project for our electronics board. Thus, the initial
design was slightly changed by trading off magnetometer performance for CubeSat
requirements.

Table E.1: 3Cat-2 requirements for the eLISA-AMR payload.

Parameter Value

Power line +5V

Power consumption < 0.5W (lowest workable level)
Dimensions 95.89 mm x 90.17 mm x 30 mm
Mass <100g
Temperature range —40 a 85°C
Maximum continuous operation time per test 3 hours

Bus interface (OBC-payload) I?C

Moreover, the payload is required to work in autonomous operations. Therefore,
a microcontroller (uC) and E2PROM devices were added to the front-end electronics
in order to store the data till the request from the on-board computer (OBC).

E.3 Specifications of the eLISA-AMR payload

Due to the strict aforementioned requirements, the most relevant modifications from
the original design that affect the performance of the magnetic measurement system
are: (i) use of operational amplifiers with lower power consumption, albeit higher
noise; (ii) magnetic field range reduction (lower feedback current); and (iii) the three
axes of the magnetometer are not powered simultaneously, thus, only data from one
axis can be acquired in every run. Besides, we remark that the system can not be
characterized at the lower end of the eLISA bandwidth (0.1 mHz) with a maximum of
3 hours of data per run. Consequently, we have to settle for this limitation estimating
the noise spectral densities with around ten points at 1 mHz. A brief overview of the
principal characteristics of the eLISA-AMR payload is offered below.

Magnetic shielding

The AMR magnetometers were placed inside a small cylindrical enclosure for the
purpose of shielding the environmental magnetic field, thus allowing for in-flight
low-frequency noise characterization of the magnetometers. The local spacecraft field
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E.3 Specifications of the eLISA-AMR payload

will be dominated by the Earth geomagnetic field and the local spacecraft magnetic
sources,! such as the the magnetic field generated by the active magnetorquer used
for attitude control.

The magnetic shield consists of three subsequent mu-metal layers surrounding
the sensor head of the magnetometer. The outermost cylinder is a 0.254 mm-thick
layer, the centered one has a thickness 0.152 mm, and the innermost shield is a
0.1 mm-thick layer. These three layers are separated by gaps of around 4.5 mm each
and assembled to the board by means of a cylindrical aluminum structure that has
a diameter of 29 mm and is 38.6-mm-long (see Figure E.1).

Figure E.1: Drawing of the magnetic measurement system with the mu-metal shield inte-
grated in one standard slot of the CubeSat. For the sake of clarity, only one unit (1U) of
the 6U CubeSat is shown. The CubeSat power module (GomSpace/NanoPower P31U) is
allocated right under our payload.

Low-frequency noise performance

Low-frequency noise measurements were taken for the three axes of the magnetome-
ter with the small built-in permalloy magnetic shield. As mentioned before, during
in-flight mission operations the duration of the runs for the magnetic experiment will
be no longer than three hours. Therefore, the noise spectral density will be barely
estimated down to 1 mHz. For the lab test, the data were also taken with a short
duration of three hours for comparison purposes during the established mission pro-
cedures. The equivalent magnetic field noise shown in Figure E.2 is similar to that
obtained for the eLISA prototype (see Figure3.11). As a result, we consider the unit

!The Earth magnetic field at a LEO altitude of 400 km varies between 25 4T and 50 pT [96].
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E Magnetic Measurement System in the 3Cat-2 CubeSat

together with the magnetic shield capable of performing the noise characterization
experiment on-board the 3Cat-2 CubeSat.
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Figure E.2: Equivalent magnetic field spectral densities of the eLISA-AMR payload for 3 h
measurements.

More details about the noise performance of the proposed magnetic measurement
system for eLISA are described in Chapter 3.

Data storage

The payload employs two serial E°PROM devices summing a total of 256 kB of
storage capability, where the synchronous serial communication between the uC and
the memories is operated via SPI bus. Once the measurement has been finished, the
payload goes into the idle state, switching off the analog signal conditioning circuits
(low-power consumption). Then, after receiving the OBC request, the data are sent
from the memories to the OBC through the uC using I?C interface . The data rate
of the magnetic measurements from the uC to the E2PROM is

magnetic data fs
bitrate = 4byte -8- 5.5 = 176bps, (E.1)

which results in a maximum storage time of 3 hours and 18 minutes per run.

Sensor head

The sensor head is formed by a uniaxial (HMC1001) and a biaxial AMR (HMC1002).
The configuration of the magnetometers was mounted directly on the electronics
board together with the analog and digital circuits in order to make the integration
easier. The spatial distribution of the sensor head for the triaxial magnetometer is
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E.3 Specifications of the eLISA-AMR payload

shown in Figure E.3, where the two devices were placed along their longitudinal axes
so as to reduce the diameter of the innermost shield, which is set by the gap between
the height of the uniaxial sensor and the inner layer of the magnetic enclosure.

11.3 mm 29.53 mm

1 Axis AMR
Front view Top view L

Z @A) IN
3

hd 3 % % 3@
= HHHETH " —
% Lo L

Figure E.3: Spatial distribution of the uniaxial and biaxial AMR magnetometers in the
CubeSat. Magnetic sensitive axes are displayed. Front (left) and top (right) view.

2 Axes AMR

Sensitive axes

Y

Overall specifications

The overall characteristics of the system were assessed and updated during the three
development phases, i.e, the prototype, the engineering qualification model and the
final flight model. The instrument meets the scientific measurement performance
comfortably and the CubeSat requirements specified in Table E.1. The flight model
of the board with the magnetic shield is shown in Figure E.4, which has been already
integrated in the CubeSat.

Current work is being done on the debugging and validation of the interface
software between the payload and the OBC.

R

Mo

Figure E.4: Flight model of the eLISA-AMR payload for the 3Cat-2 mission. Right: payload
integration of the flight model in the CubeSat.

A general outlook of the specifications for the eLISA-AMR payload is given in
Table E.2.
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Table E.2: Specifications of the magnetic monitoring system for the CubeSat.

Parameter Symbol Value
Field range Biange +15 ,uT(a)
RTI temperature coefficient _
(Sensor + FEE) TG 3-107°AR, V/K
. . 12 0.14nTHz /% at 1 Hz
Noise density SB/ L 0T HeY2 at 1 il
Input current Tiridge 5mA
Input voltage Viridge 4.25V(®)
Linearity error 0.1% FS
Sensitivity SAMR. 254.5 mV/,uT(C)
ADC resolution ABADC 0.6nT
Equivalent resolution AB. 0.01 nT@
Bandwidth BW 2.75 Hz
AMR operating temperature -55°C to +150°C
Spatial resolution < 1 mm
Prax 0.32W
Power consumption Prominal 0.26 W
Pstandby 0.025 W
Weight 76.6 g

(b)For a typical bridge resistance of 850 2.

(a)Range limited by the output current of the op-amp.

(© Typical value for electro-magnetic feedback with a feedback resistor of 499 2.
)16 + %logg N for N = 3072 samples. Resolution is limited by AMR noise density.



Appendix F

Magnetic Sources in LISA
Pathfinder

A significant number of LISA Pathfinder units were characterized by using a mobile
coil facility (MCF) in order to identify their magnetic contributions to the local
spacecraft field. A representative set of these subsystems was used with the purpose
of mimicking the magnetic environment generated by the spacecraft (see Table F.1),
where the dominant contributions are the cold gas latch valves. We remark that an
important contribution to the total magnetic budget in LISA Pathfinder is due to
the NTC temperature sensors positioned close to the TM. These magnetic sources
are not considered here because temperature sensors with a lower intrinsic magnetic
moment are expected to be used in eLISA.

Magnetic moment components and distributions of the dipole sources are known.
However, only magnitudes and locations were used and considered fixed for our
particular analysis. The dipole orientations of the different magnetic sources were
randomly set in order to generate different magnetic scenarios and thus verify the
efficiency of the interpolation method.

Table F.1: Positions and magnetic dipole moments of the 29 LISA Pathfinder subsystems
considered for the evaluation of the interpolation approach described in Chapter5. The
measurements of the dipolar magnetic sources in LISA Pathfinder were carried out by Airbus
DS [186].

Dipole location |m)|
X [m] y [m] z[m]  [mA m?

Caging Mechanism Control Unit
Dipole 1 -0.2570 -0.6247 0.5904  261.969

Continue on next page. . .
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Table F.1 — Continued

Data Management Unit

Dipole 1 -0.4238 -0.6285
Dipole 2 -0.3814 -0.5029
IS FEE PCU

Dipole 1 -0.2506 -0.3325
Dipole 2 -0.3838 -0.5211
Dipole 3 -0.4111 -0.5804
Dipole 4 -0.3021 -0.6456
IS FEE SAU

Dipole 1 -0.5037 0.6208
Dipole 2 -0.4579 0.4856
IS FEE SAU 2

Dipole 1 -0.2675 0.7150
Dipole 2 -0.1732 0.6076
Laser Assembly

Dipole 1 0.7873 -0.7460
Dipole 2 0.5140 -0.7826
Dipole 3 0.6049 -0.6400
Dipole 4  0.5659 -0.6025
Laser Modulation Unit
Dipole 1 0.6486 -0.6908
Dipole 2 0.6777 -0.6984
Phasemeter Unit

Dipole 1 0.5660 -0.2188
Dipole 2 0.5890 -0.2998
Radiation Monitor

Dipole 1 -0.5517 -0.1842
Reference Laser Unit

Dipole 1 0.6366 -0.7295
Dipole 2 0.5960 -0.7419
Sun Sensor 1

Dipole 1 -0.3887 -0.8187
Sun Sensor 2

Dipole 1 0.3906 0.9740
Sun Sensor 3

Dipole 1 0.5106 0.8577
Ultra-Violet Lamp Unit
Dipole 1 -0.4258 -0.3368

Continue on next page. . .

0.5989
0.5750

0.4139
0.2869
0.3019
0.2539

0.6973
0.4502

0.4536
0.7005

0.0618
0.1578
0.2089
0.0169

0.5478
0.5218

0.5488
0.6338

0.3591

0.2679
0.3069

1.0107

1.0507

1.0107

0.5475

38.033
9.504

0.200
19.119
6.235
7.063

5.633
12.001

5.633
12.001

6.512
8.958
17.295
1.459

3.362
3.977

77.455
60.814

20.151

4.236
6.129

1.158

0.592

1.225

35.157



Table F.1 — Continued

Cold gas latch valves

Dipole 1 -0.2170 -0.8650 0.5560 824.621
Dipole 2 -0.7620 0.4120 0.5200 824.621
Dipole 3 0.6330 0.6240 0.5590 824.621
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