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Abstract. The paper discusses the accuracy of the scalar Coupled Dark State Magnetometer on board the Jupiter Icy Moon
Explorer (JUICE) mission of the European Space Agency. The scalar magnetometer, referred to as MAGSCA, is part of the
J-MAG instrument.

MAGSCA is an optical, omni-directional scalar magnetometer based on coherent population trapping, a quantum interfer-
ence effect, within the hyperfine manifold of the 8“Rb D, line. The measurement principle is only based on natural constants
and therefore, it is in principle drift free and no calibration is required. However, the technical realisation can influence the mea-
surement accuracy. The most dominating effects are heading characteristics, which are deviations of the magnetic field strength
measurements from the ambient magnetic field strength. These deviations are a function of the angle between the sensor axis
and the magnetic field vector and are an intrinsic physical property of the measurement principle of the magnetometer.

The verification of the accuracy of the instrument is required to ensure its compliance with the performance requirement of
0.2 nT (1-0) with a data rate of 1 Hz. The verification is carried out with four dedicated sensor orientations in a Merritt coil
system, which is located in the geomagnetic Conrad observatory. The coil system is used to compensate the Earth’s magnetic
field and to apply appropriate test fields to the sensor.

This paper presents a novel method to separate the heading characteristics of the instrument from residual (offset) fields
within the coil system by fitting a mathematical model to the measured data and the successful verification of the MAGSCA

performance requirement.

Copyright statement. TEXT

1 Introduction

The Jupiter Icy Moons Explorer (JUICE) mission of the European Space Agency aims to explore the Jovian system and its

icy Galilean moons Ganymede, Callisto and Europa in terms of their potentially habitable environments (Grasset et al., 2013;
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Hussmann et al., 2014). The JUICE satellite was launched on the 14" of April 2023 and is expected to arrive at the Jupiter
system in July 2031.

The on-board magnetometer J-MAG consists of three sensors — one built at Imperial College London, one built at the
Technische Universitidt Braunschweig, Germany, and one built at the Austrian Academy of Sciences in partnership with Graz
University of Technology, Austria (Hussmann et al., 2014). The Imperial and Braunschweig instruments are ‘fluxgate’ sensors,
which measure the direction and strength of magnetic fields. Fluxgate sensors are used very successfully for space applications
(Auster, 2008; Acuiia, 2002; Balogh, 2010). However, fluxgate sensors require regular in-flight calibration due to thermally
induced offset drifts and long term instabilities, which can also be modelled and either compensated or calibrated for (Merayo
et al., 2000; Ripka, 2003). The magnetic environment around Ganymede is so dynamic (through e.g. induction (Kivelson et al.,
2002), reconnection (Jia et al., 2010) and field line resonances (Volwerk et al., 2013)) that traditional calibration techniques
for fluxgates — such as rolling the spacecraft at Ganymede — will not work. Therefore, a new calibration method was needed
using the field strengths, accurately measured by the scalar sensor MAGSCA. The scalar magnetometer acts as the reference
magnetometer since its measurement principle is intrinsically drift free and no calibration is required.

All sensors are mounted on the magnetometer boom which has a length of 10.6 m in deployed configuration with MAGSCA
at the tip (Arce and Rodriguez, 2019).

J-MAG plays a key role in the exploration of Ganymede’s subsurface oceans and its active magnetic dynamo. The expected
magnetic field strengths in the orbit around Ganymede are in the range from 300 nT to 1500 nT. Thus, the accuracy and
precision of the magnetic field strength measurement is of high importance. For the JUICE mission, the required accuracy for
MAGSCA was defined as 0.2 nT (1-0). Such a MAGSCA accuracy will permit calibration of the magnetic field vector data
from the fluxgates to an accuracy sufficient to resolve the higher order moments of Ganymede’s dynamo field as well as the

10.5 h, 171.7 h and 27 day induction signals from Ganymede’s ocean (Hussmann et al., 2014).
1.1 Coupled Dark State Magnetometer

The Coupled Dark State Magnetometer is an all-optical scalar magnetometer based on the quantum mechanical interference
effect of coherent population trapping (CPT) (Arimondo, 1996; Vanier et al., 1998) in the atomic vapour of the rubidium isotope
87. The instrument has been developed since 2008 (Lammegger, 2008) in a cooperation of the Institute of Experimental Physics
of Graz University of Technology and the Space Research Institute of the Austria Academy of Sciences.

The working principle is based on the accurate measurement of the so-called Zeeman shifts (Wynands and Nagel, 1999).
The Zeeman effect describes the shift of atomic energy states by an ambient magnetic field.

Figure 1 depicts CPT resonances, within the hyperfine structure of the "Rb D, line (Steck, 2003), which are utilised by
the instrument. The coloured arrows represent atomic excitations, induced by light fields, emitted by the instrument’s laser
diode. Two coherent excitations starting from two ground states to a common upper state - forming a A-system - are required
to establish a CPT resonance.

The bias current of the instrument’s laser diode is modulated to create a multi-frequency modulated laser light field (Bjork-

lund et al., 1983; Amtmann et al., 2023) which is used to couple several CPT resonances within the rubidium vapour. This
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coupling enables a differential measurement principle to increases the instrument’s accuracy. The detection frequency, which
is used for measuring the Zeeman shift, is derived from the excitation of the clock transition within the 8"Rb D, line (Pollinger
et al., 2018). This results in a low error of the detection frequency, translating to a magnetic field strength error of < 0.001 nT.

The strengths of the individual atomic excitations depend on the angle between the magnetic field vector and the laser
propagation direction (Vanier and Audoin, 1989), the so-called sensor angle 3. As a consequence, two different sets of CPT
resonances have to be used to cover the entire angular range and to enable the instrument’s omni-directionality (Pollinger
et al., 2012). The blue A-systems (Fig. 1) are superposed to form the ny coupled CPT resonance to measure the magnetic
field strength at the sensor angular ranges of 0° to 60°, 120° to 240° and 270° to 360°. For the complementary angular ranges
(60° to 120° and 240° to 270°), the red A-systems are superposed to form the n3 coupled CPT resonance. For the instrument
operation, the default angles for switching between the two sets is a multiple of 60°.

The magnetic field strength B is derived from the difference of the resonance frequencies of a set of coupled CPT resonances
Avs =vy3—v_3 (red setin Fig. 1) or Avs = v 5 —v_5 (blue set in Fig. 1) by applying the Breit-Rabi formula (Steck, 2003).

L and Avs by approx. 21 HznT !

The magnetic field strengths shifts the difference frequency Avs by approx. 14 HznT—
(Pollinger et al., 2018). Due to this differential measurement, all coefficients corresponding to the even powers (B2, B4, BS, ...)
vanish in a Taylor series expansion of the Breit-Rabi formula. Thus, the most contributing series coefficient -beside the linear
one- corresponds now to the cubic term B2. For MAGSCA the numerical value is -2.212-10~1¢ Hzn'T 2 for the blue set (Fig.
1) and -2.876-10~16 Hzn'T 3 for the red set (Fig. 1). This means for B = 2000 nT the difference frequency deviates from the
linear characteristic by -1.770 uHz (blue set) and -2.301 uHz (red set). Both are well below the frequency resolution (1 mHz)
of the instrument. The consequence is a highly linear relationship between the magnetic field strength B and the frequencies
Avy or Avs for the magnetic field strength range of the JUICE mission.

Not only the magnetic field, but also other effects, e.g., light shifts (Levi et al., 2000) can alter the atomic energy states. Under
certain conditions, these are indistinguishable from Zeeman shifts (Amtmann, 2022). These effects are considered by the so-
called heading characteristics, which are sensor angle dependent absolute errors and define the accuracy of the instrument.
Figure 2 depicts an example of heading characteristics for the n, and ng coupled CPT resonances.

In 2018, the Coupled Dark State Magnetometer was launched to space for the first time on board the China Seismo-
Electromagnetic Satellite (CSES) (Pollinger et al., 2018, 2020). The accuracy of this magnetometer was experimentally in-
vestigated in a Helmholtz coil system (operated at a constant applied magnetic field with a control loop based on a Caesium
magnetometer) at the Fragment Mountain Weak Magnetic Laboratory of the National Institute of Metrology in China (Pollinger
et al., 2018). The peak-peak heading characteristics of approximately -2 to 1 nT was found. Post-processing is applied to the
measured data to correct for the heading characteristics during the mission (Pollinger et al., 2020). For ground testing the
instrument can be operated at the sampling rate of 30 Hz while the sampling rate is reduced to 1 Hz in orbit. The measured
noise floor is lower than 50 pTrms Hz~/2 (Pollinger et al., 2018).

Figure 3 shows the MAGSCA flight model for the JUICE mission. The instrument’s main components are the electronics
box, the optical fibres and the sensor unit. The laser unit, within the electronics box, is connected by an optical fibre to the

sensor unit. The sensor unit houses a glass cell, containing the rubidium vapour. Here, the laser light probes the interaction
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Figure 1. Hyperfine structure of the 3’Rb D; line. The ambient magnetic field strength shifts the atomic energy states according to their m
quantum number (Steck, 2003). Two coherent excitations starting from two ground states to a common upper state - forming a A-system -
are required to establish a CPT resonance. MAGSCA measures the Zeeman shifts of the ground states (F = 1 and F = 2) by establishing the

red and blue A-systems. Thus, the Zeeman shifts are only depicted for the ground states and are indicated by the green triangles.
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Figure 2. Exemplary heading characteristics for the no and n3 coupled CPT resonances, which are sensor angle dependent absolute errors as
a function of the sensor angle 3. The angle [ is the angle between the optical axis of the sensor unit and the magnetic field vector. MAGSCA
can measure the magnetic field strength in the entire 360° angular range by switching between both resonances. For the angular ranges,
where both coloured boxes overlap, an operation with both resonances is possible. Measurement setup: MAGSCA stand-alone (Sect. 2), with
laser bias current 2.14 mA and vapour cell temperature 25°C. Each depicted data point is the mean value of four separate measurements of

the heading characteristics at four different sensor orientations, and the error bars are the corresponding standard deviations (see section 4).
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Figure 3. The flight model for MAGSCA. The main components are labelled. ©MAGSCA Team / A. Pollinger / https://w.wiki/3CHQ / CC
BY 4.0.

of the magnetic field with the rubidium atoms. A second optical fibre guides the laser light back to the photo diode, mounted
within the electronics box. A Field Programmable Gate Array (FPGA) is responsible for signal generation as well as signal
analysis (Pollinger et al., 2010).

For the JUICE mission, a new sensor unit was developed which features a dual laser beam pass of the vapour cell. A
schematic drawing of the sensor unit is found in (Ellmeier et al., 2023). The sensor unit itself does not contain magnetic
materials. It mainly consists of aluminum, fiberglass-loaded PEEK, titanium and glass. Each sensor component has been
carefully selected for its non-magnetic properties and has been magnetically screened prior to assembly with the help of a

—1/2 at 1 Hz, an engineering model of the

3-axis high-resolution and low noise fluxgate magnetometer (noise level < 10 pT Hz
DFG magnetometer of the Magnetospheric Multiscale NASA space science mission (Russell et al., 2014)), including perming
tests, in order to avoid any possible magnetization of the unit. Compared to the previous sensor unit, developed for the CSES
mission, the new sensor unit increases the accuracy of the instrument by a reduction of the heading characteristics (Ellmeier
et al., 2023; Ellmeier, 2019; Amtmann, 2022).

All MAGSCA measurements presented within this work were recorded with a sampling rate of 128 Hz. Each data point of
a heading characteristic is the mean value of the magnetic field strength recorded for 45 s at a constant sensor angle 3 and a

constant magnetic field strength.
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Section 4 discusses the measurement configuration for the heading characteristics of Fig. 2, 4 and 7. Each plotted data point
is the mean value of four separate measurements of the heading characteristics at four different sensor orientations, with the

same operational parameters. The error bars are the corresponding standard deviations.
1.2 Accuracy and Precision

The accuracy and the precision of the magnetic field strength measurement are important for any kind of reference magne-

tometer. The accuracy of the instrument corresponds to the absolute error,

AE(B)=B(f)-Bo , (1

which is the deviation of the mean measured magnetic field strength B (/3), averaged over a certain measurement time, from
the true magnetic field strength By at the constant angle 3. The precision P (/) is the noise of the magnetic field strength
measurement at the constant angle 5.

Due to the instrument’s heading characteristics, the absolute error is a function of the sensor angle 3. The precision depends
on the slope of the amplitude of the selected coupled CPT resonance and thus, it can be dependent on the sensor angle 5 and
the selected operational parameters like laser bias current and vapour temperature. The typical MAGSCA noise is between 15
and 25 pT Hz~'/2 at 1 Hz.

The exemplary heading characteristics (Fig. 2) show, that the deviations of the measurements depend on the selected coupled
CPT resonance (ns or ng). Additionally, the sensor angular behaviour of the heading characteristic as well as the magnitude
of the heading characteristic are dependent on the operational parameters of MAGSCA. Parameters like laser bias current
(and therewith linked modulation index and laser light intensity (Amtmann et al., 2023)) and the rubidium vapour temperature
influence the heading characteristics (Amtmann, 2022). The impact of different laser bias currents is shown in Fig. 4. For a
proper correction of the magnetic field strength measurement, the heading characteristics have to be known for each set of
operational parameters.

During the long time in space, the instrument’s optical components (especially the optical fibres (Jernej et al., 2021)) will
experience radiation induced attenuation. Based on radiation analysis and test, the - in the worst case - transmitted optical
power at the end of the mission lifetime will be reduced to about 1/4 of the initially transmitted optical power. To counteract
this, the instrument will be operated at higher laser bias currents and at higher vapour temperatures. Thus, the performance of
the instrument has to be understood for these operational parameters.

During the main Ganymede science phase, JUICE will orbit the Jovian moon along two circular orbits with altitudes of
500 km and 200 km. The measurements along several orbits will be taken for the in-flight calibration of the fluxgate sensors,
which is based on MAGSCA data. During such a calibration sequence, it can be considered that MAGSCA measures the field
strengths with an almost uniformly distributed sensor angle.

The accuracy of MAGSCA is determined by the heading characteristics which had to be characterised on ground. To quantify

and compare different heading characteristics (measured at different operational parameters), the sensor angular averaged ac-
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curacy AE and angular averaged precision P are introduced. They can be interpreted as averaging along an in-flight calibration
sequence which includes measurements at all sensor angles.

The angular averaged accuracy AE is defined as
AE=B-B, . 2

It describes the deviation of the angular averaged magnetic field strength measurement B from the true magnetic field strength

By. The angular average of the magnetic field strength measurement is

< n
i=1

determined for n measurements of B at n different, equally spaced sensor angles. Each B; () is the mean of the magnetic
field strength measurement of a 45 s time series at a constant sensor angle. The angular averaged precision P is calculated by
computing the standard deviation for n values of B; ().

The heading characteristics have intrinsic angular behaviours, as shown in Fig. 2. Their magnetic field strength measure-
ments, performed at evenly distributed sensor angles, do not reflect a normal distribution. Therefore, AE and P do not represent
the underlying statistical nature. However, they can be used as indicators for comparison between individual heading charac-
teristics, measured with different operational parameters, and they can be considered to represent the achievable accuracy of
the J-MAG instrument during the Ganymede phase of the mission.

To assess the measured heading characteristics in respect to the required accuracy for MAGSCA (0,¢q = 0.2 nT), an accu-
racy rating is introduced by Table 1. The rating considers the angular averaged accuracy AE, the angular averaged precision
P as well as the sum of the two parameters AE + P. This rating is used to determine the level of data post-processing for the
investigated operational parameters. For the rating of A, the angular averaged accuracy AE, the angular averaged precision P
as well as their sum AE + P have to be within the required o, range. The sum ensures, that more than 68% of the measured
values are within the o4 interval (if a normal distribution of the heading characteristics values is assumed). For the rating
of B, the angular averaged accuracy AE and the angular averaged precision P are smaller than o,.,, while their sum AE + P
exceeds the limit. For the rating of C, the angular averaged accuracy AE is below the 0., threshold, while P and AE + P are
larger than o..,. For the rating of D, all three are larger than the required range.

The four ratings define the required post-processing of the measured data. For a set of operational parameters with rating
A, no data correction is necessary. All requirements are below the 0.2 nT threshold. Rating B requires an AE based offset
correction of the data in order to bring the measurements within the o,.., range. As soon as the angular averaged precision is
larger than 0,4, the heading characteristics have to be considered. For the ratings C and D, the complete data set has to be

corrected by a function derived from the measured heading characteristics.



— o4l | [—o—n2214ma
= : —E5—ng3 2.14mA
A, ny 2.65 mA
@ 0.2 N ng 2.65 mA
= —o—ns 3.39mA
E 0K — —=—n3 3.39mA
Q & D
+=
g —0.21 f
o
&
S 04} .
=4
;g —0.6 - —
O
<= —0.8 f

| | | | | | | |

| | |
0 30 60 90 120 150 180 210 240 270 300 330 360
sensor angle (3 [deg]

Figure 4. Impact of various laser bias currents on the heading characteristics. The magnitude as well as the angular behaviour is changed.
Measured with the MAGSCA stand-alone setup (see Sect. 2) at a vapour temperature of 25°C. Each data point is the mean value of four
separate measurements at four different sensor orientations, and the error bars are the corresponding standard deviations (see section 4). The
presented data has larger error bars at the laser bias current of 3.39 mA which is mainly driven by the notable deviation of the residual field

at the sensor position of 0° (Table 6).

Table 1. Requirements for the classification rating of the accuracy and precision of MAGSCA. The rating indicates the necessary level of
post-processing for the MAGSCA data. The rating considers the angular averaged accuracy AE, the angular averaged precision P as well as

the sum of the two parameters AE -+ P.

’ Rating ‘ |AE] ‘ P ‘ |AE| +P ‘ Post-Processing

A <02nT | <02nT | <02nT none
<02nT | <02nT | >02nT offset correction

B
C <02nT | >02nT | >02nT | correction of heading characteristics
D >0.2nT | >02nT | >02nT | correction of heading characteristics
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2 Test Configuration

The verification tests aim to determine the accuracy of MAGSCA for several sets of operation parameters in the relevant
magnetic field strength range (300 to 1500 n'T) of the JUICE mission. The performance of each set of operational parameters
has been evaluated concerning their required post-processing (see Tab. 1). The best suited set of operational parameters will be
defined as the default configuration for MAGSCA on JUICE.

The verification of the accuracy and precision of MAGSCA was performed at the geomagnetic Conrad Observatory (COBS)
of GeoSphere Austria in Lower Austria. This geomagnetic observatory is part of the INTERMAGNET network! closely as-
sociated with the International Association of Geomagnetism and Aeronomy (IAGA). It features a magnetically clean and
disturbance free measurement environment (Leonhardt et al., 2020). For the verification tests, a Merritt coil system (Fer-
ronato BM4-3000-3-A) was utilised, which allows characterising the accuracy of the MAGSCA sensor unit over the entire
sensor angular range as well as in magnetic field strength range (300 to 1500 nT) required for the JUICE mission.

The coil system is located in the facilities tunnel system which has a constant ambient temperature of about 6°C yearlong.
This minimises thermal fluctuation experienced by the coils which, in turn, reduces variations in the generated magnetic field.

Figure 5 shows a picture of the double Merritt coil system, located at the magnetically clean environment of the COBS tun-
nels. It consists of two independent coil systems. The first one is used to compensate the Earth’s magnetic field (compensation
coils). The Earth’s magnetic field at COBS is about 21000 nT in the horizontal plane and the vertical component is about
44000 nT. The second system applies the magnetic field vector By, which is required for testing MAGSCA. The applied
field By, can be rotated electronically by software controlled current sources for measuring the heading characteristics as a
function of the sensor angle 3.

The entire compensation system includes the fluxgate based variometer of the observatory (located in a distance of about
300 m to the coil system), a set of current amplifiers and the compensation coils. The system is not able to compensate the
Earth’s magnetic field exactly to zero. A small and slightly inhomogeneous residual magnetic field B, remains. The inho-
mogeneity is caused by a small and practically unavoidable deformation of the Merritt coils. Table 2 lists the inhomogeneities
of the compensated magnetic field along the three coil axes. The individual field components of the residual field are in the
order of several n'T, this is known from measurements with a fluxgate sensor.

The maximum sensitive volume of the MAGSCA sensor unit is defined by the size of the cylindrical vapour cell, which has
a diameter and a length of 2.54 cm. Thus, the inhomogeneities in the order of 0.2 nT cm ™! have a significant influence on
the magnetic field strength measurements. The magnetic field strength is averaged along the laser light path within the cell,
effectively reducing the sensitive volume within the sensor unit. The two operational parameters: laser bias current (which
defines the laser light intensity) and vapour temperature, impact the absorption of the laser light along the pass, and with this,
the weighting function of the averaging. Therefore, the exact influence of the inhomogeneity on the magnetic field measurement
is hard to assess. The inhomogeneities also require a precise placement of the sensor unit, within the centre of the coil system,

to achieve reproducible measurements.

Uhttps://intermagnet.org/ (accessed: 15 March. 2024)
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Figure 5. Picture of the Merritt coil system within the tunnel of the Conrad observatory. The side length of the cubic coil system is about
3 m. Each axis has two coil pairs with equal dimensions. This increases the homogeneity of the magnetic field and simplifies the handling of

test setups.

Table 2. Inhomogeneities of the magnetic field produced by the compensation coils (Merritt) along the three coil axes. The data was measured
with a fluxgate sensor (engineering model for the DFG-magnetometer of the Magnetospheric Multiscale mission (Russell et al., 2014)) by

placing it in a -5, 0 and +5 cm grid along all three coil axes.

Coil Axis | AB;[nTecm™'] | ABy[nTem™'] | AB.[nTcm™ ]

X +0.03 +0.18 -0.12
Y +0.18 -0.18 -0.08
Z -0.12 -0.09 +0.16

10
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Table 3 lists the specifications of the Merritt coil system. The coil factors have been calibrated with an Overhauser magne-
tometer at large fields (> 20000 nT). The used Overhauser magnetometer (GSM-90 from GEM Systems) has an accuracy of
0.1 nT. For low applied field strengths (< 1500 nT), the uncertainties of the coil factors result in an accuracy of the applied
field below 0.01 nT. The coil current sources are BE2811 from ITEST. The least significant bit of the current sources translates
to a maximum error of 0.08 nT. Combined with the uncertainties of the coil factors for < 1500 nT, the maximum error of
the accuracy of the applied magnetic fields is < 0.09 n'T. The accuracy verification was carried out in the X-Y -plane of the
Merritt coil system (Fig. 5) to ensure the rotation and alignment of the sensor. Therefore, no additional test fields were applied
in the Z-direction. The non-orthogonality between the X and Y axes was experimentally determined to be (89.975 4 0.007)°.

The heading characteristics were determined by a test routine consisting of four different sensor orientations. The four sensor
orientations are required to separate the heading characteristics from the residual field B,..s, as it will be explained in Sect.
3. A sensor orientation is defined by the pointing direction of the sensor axis in relation to the coils’ coordinates. The sensor
axis points along the sensor unit’s cylinder axis away from the fibre connectors. In Fig. 6, the sensor axis is orientated in —Y
direction. Table 4 lists the definition of all four sensor orientations. For the accuracy evaluation, measurements in all four sensor
orientations were recorded right after each other to minimise drifts of the magnetic field within the coil system.

To evaluate the stability of the combined configuration of MAGSCA and the coil system, a magnetic field of 300 nT was
applied in the X axis and was recorded for 10 h by MAGSCA (operational parameters: vapour temperature 25°C and laser bias
current 2.14 mA). The standard deviation of the time series was below 0.04 n'T. The recording for each heading characteristic
took between 15 min and 25 min per sensor orientation, thus, the drift of the magnetic field strength can be neglected during
one recording. Therefore, the noise and consequently the precision during the measurement of one heading characteristic is
below 0.04 nT.

For each sensor orientation, the vapour cell and thus the illuminated volume covers a slightly different volume within the coil
system. Therefore, a slightly different residual magnetic field strength is measured for each sensor orientation. This is caused
by the field inhomogeneity in the order of 0.2 nT cm ™! (table 2).

In the case where the rotation of the vapour cell is mechanically perfect and the cell always covers the same volume within
the coil system, the magnetic field inhomogeneity of the residual field can be estimated: The sensitive volume (illuminated
volume) within the vapour cell is about 2.5 cm along the sensor axis and about 2.0 cm perpendicular to the sensor axis.
For a sufficiently large applied magnetic field, only the inhomogeneity in the applied magnetic field direction influences the
measurement. For the sensor orientations 0° and 180°, the inhomogeneity is 0.08 nT in the axial +X direction and 0.36 n'T
in the perpendicular +Y direction. For the sensor orientations 90° and 270°, the inhomogeneity is -0.46 nT in the axial +Y
direction and 0.36 nT in the +X direction. These values can be used as an estimate of the impact of the different sensor
orientations on the magnetic field measurement.

Within the sensor housing, the vapour cell is offset from the rotation axis (Fig. 6) by about 0.5 cm along the sensor axis.
Thus, the influence of the different sensor orientations is increased. For the sensor orientations 0° and 180°, the impact of the

inhomogeneity is 0.10 nT in the axial 4+-X direction and 0.36 n'T in the perpendicular +Y" direction. For the sensor orientations

11



Table 3. Specifications of the double Merritt coil system at the Conrad observatory.

Coil factors [nT mA™!]

coil X 14.66904 £ 0.0009
coil Y 15.55858 + 0.0013
coil Z 16.53543 + 0.0027

Non-orthogonality
between axes X and Y (89.975 £ 0.007)°

Accuracy [nT] of Bypp < 1500 nT

least significant bit of current source <0.08
uncertainty of coil factors <0.01
maximum error <0.09

Precision [nT]

combined MAGSCA and coil <0.04

Figure 6. The MAGSCA sensor is placed within the Merritt coil system. The coil axes are marked. The red axis is the rotation axis of the
applied magnetic field vector as well as the rotation axis for the four different sensor orientations used within the coil system. In the shown

configuration, the sensor’s optical axis points along the —Y coil axis direction (blue arrow).

90° and 270°, the impact of the inhomogeneity is -0.55 n'T in the axial +Y direction and 0.36 nT in the perpendicular +X

direction.

12
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Table 4. The definitions of the four sensor orientations within the Merritt coil system.

Sensor Orientations Coil Coordinates
0° Sensor axis points in +X
90° Sensor axis points in +Y
180° Sensor axis points in —X
270° Sensor axis points in —Y

The MAGSCA flight model for the JUICE mission was tested with two different setups with the Merritt coil system: the
MAGSCA stand-alone setup and the J-MAG integrated setup.

In the MAGSCA stand-alone setup, the MAGSCA is controlled by the MAGSCA specific test hardware and software. This
enables a fully automated execution of test sequences, which is supported by the Merritt coil system’s remote-control capabili-
ties, since the MAGSCA and the coil system can be simultaneously controlled by a custom made software. With this combined
setup, fast and automated measurements of heading characteristics are possible. This setup was used for measurements at laser
bias currents of 2.14, 2.65 and 3.39 mA, sensor temperatures of 25, 35 and 45°C and at an applied magnetic field strength of
300 nT. For the MAGSCA stand-alone setup, the heading characteristics were sampled with the equidistant sensor angle steps
of 15°.

For the J-MAG integrated setup, the MAGSCA front-end electronics is installed within the J-MAG electronics box. The
data communication is no longer handled with the MAGSCA specific test setup. In this configuration, the magnetic field vector
rotation requires a manual interaction with the interface software of the Merritt coil system, which increases the testing time
per heading characterisation. However, this is the flight configuration on board the JUICE spacecraft. The J-MAG integrated
setup was used for measurements at a laser bias current of 2.14 mA and a sensor temperature of 25°C at applied magnetic
field strengths of 300, 900 and 1500 nT. For the -MAG integrated setup an adapter plate was used to correct the vapour cell
offset of 0.5 cm within the sensor unit along the optical path. The heading characteristics for this setup were sampled with the
equidistant sensor angle steps of 30°.

The MAGSCA front-end electronics as well as the J-MAG electronics box were placed in a distance of more than 7 m from
the Merritt coil system to prevent interference with the MAGSCA sensor unit located in the center of the Merritt coil system.

For all measurements, the modulation frequency of the control loop for the microwave reference stabilisation was set to
919 Hz and the modulation frequency of the control loop for the magnetic field strength measurement was set to 337 Hz

(Ellmeier et al.).

3 Data Processing Approach

The data processing approach aims to separate the heading characteristics from the effective magnetic field by fitting a mathe-

matical model to the measured data (Amtmann, 2022). Simultaneously, it allows to determine a potential remanent magnetisa-
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tion of the sensor unit. From the heading characteristics, the angular averaged accuracy and angular averaged precision can be
calculated to evaluate the performance of MAGSCA.
The approach follows the steps:

Modelling of the effective magnetic field

Creation of a fit function and the reduction of fit parameters

Measurements at four different sensor orientations and fitting of data

Evaluation of remanent magnetisation of the sensor unit

Calculation of angular averaged accuracy and angular averaged precision

Model of Effective Magnetic Field

The instrument measures the sum of its heading characteristics Bp.qq and the effective magnetic field strength

Bmeas = Bhead + | Begys| )
The effective magnetic field B,y is determined by the sum of the applied field B, and the residual field B,

B.sy =By, + Bes - )
Thus, the heading characteristics are calculated by

Bhead = Bmeas — |[Bapp + Bres| - (6)

For calculating the heading characteristics, the applied and the residual field have to be known.
For the accuracy verification, the applied magnetic field is rotated around the Z-axis by the Merritt coil system (Fig. 6). This

rotational behaviour (rotating vector) can be expressed by

ax cosfB+ by sin3
By = | aysinB+bx cosf . @)
0

The parameters ax and ay are the maxima of the applied field strengths in the X and Y directions, which are characterized
by their respective coil factors, and 3 represents the field direction in the X-Y plane. The angle 3 corresponds to the sensor
angle introduced in Sect. 1.1. bx and by describe the influences of the non-orthogonality between the X and Y axes of the coil
system on the applied field B,,;,. The parameter by describes the impact in the X -direction of a magnetic field applied with
the Y'-axis coil and bx is the impact in the Y -direction of a magnetic field applied with the X -axis coil. The non-orthogonality

of the coil’s Z-axis is not considered, since no field was applied along this axis.
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By adding the residual field B,..; = (B, By, B.) to the applied field, the effective field becomes

ax cosf+ bysinf B,
Berr= | aysinf+bxcosf | + | By . ®)
0 B.

The scalar magnetometer measures the magnetic field strength, therefore, the absolute amplitude is of interest. The squared
norm is
|B.ss|? = B2+ 2B,ax cos 3+ 2by B, sin 8 + a% cos? B + 2axby cos Bsin 8 + b3 sin? 3

+ B} +2Byay sin 3 + 2bx By cos 3 + a3 sin® B + 2ay bx cos Bsin 3 + b cos® B

+B?+2B.axcosf . 9

Fit Function and Reduction of Fit Parameters

Measurements with a fluxgate (engineering model of the DFG magnetometer developed for the Magnetospheric Multiscale
mission (Russell et al., 2014)) showed, that the individual field components of the residual field are of the order of several
nT. However, their exact values are not known and thus, the effective magnetic field can not simply be removed from the
measured magnetic field strength B,,..s (see Sect. 2). The effective field can be determined by fitting the measured magnetic

field strength B, .., with equation 9. This equation is simplified by using 2cos #sin 3 = sin(2/3) and sin? 8 = 1 — cos? .

With the coefficients
ki1 =B} + B. + B2 + b3 + a3, (10)
ko =2Byax +2Bybx (11)
ks = 2B.by +2Byay (12)
by = a2 +b% — b — a2 (13)
ks =axby +bxay (14)

the fit function becomes

feoit (B, k) = \/kl + kocos S+ kssinS + kycos? S+ kssin (26) . (15)

Equation 15 shows, that the fit coefficients k; are linearly independent due to their trigonometric functions of 3. From the %;
coefficients, the unknowns of equation 10 to 14 have to be determined. To allow this and to avoid overfitting of the model, the
number of unknown parameters impacting fe.;; (3, k) is reduced by the following assumptions:

The residual field component B, appears only independently in k. For the fit routine, this factor will be interpreted as
variable offset and will be treated accordingly: Some offset of the heading characteristics is "put" in B, by the fit routine. This
must be avoided for the correct evaluation of the angular averaged accuracy AE. To prevent this, the parameter B, is removed.

This is a valid approximation, because B, is small compared to a3- and will not change k; significantly.
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For example, an applied magnetic field of B, = (300,0,0) and a residual field of B,.s = (0,0,1) result, for orthogonal
coils, in the magnitude of 300.002 nT. For an applied field in the X-Y direction, a small residual field in Z has nearly no
impact on the magnetic field strength measured by the scalar magnetometer.

The fit parameters bx and by are determined by the non-orthogonality between the X and Y coils and therefore, they are
considered the same (bx = by = b). For applied magnetic fields < 2000 nT the approximation ax = ay = a can be made.
The coil’s accuracies are high (see Table 3), thus, a = a;, is set to the fixed value for the applied magnetic field strength.

To summarise, the reduced coefficients become

ki =B} + B, +b°+a}, (16)
ko = 2Baa iz + 2Byb (17)
ks =2Byb+2Byai, (18)
k=0 (19)
ks =2asib . (20)

Measurement at four Different Sensor Orientations and Fitting of Data

A robust separation of Bss (coil driven) and Bjeqq (MAGSCA driven) is of interest. This is achieved by a successive 90°
rotation of the sensor unit within the coil system with recordings of B,,,.,s Where the applied magnetic field is rotated around Z
for each sensor orientation. The 90° rotation is achieved with the help of four alignment pins assembled to the sensor base plate,
forming a 5 cm by 5 cm square. These alignment pins tightly fit into four holes of the measurement table whose position is
fixed within the coil system. For changing the sensor orientation, the sensor with the pins attached is lifted out of the alignment
holes, rotated by 90° and re-inserted into the same four holes. With the fit accuracy of the alignment pins within the holes,
an angular positioning error of less than 0.5° is achieved. This is small enough in order to not contribute to any significant
errors in the fitting. The coil’s effective field B,y does not change while the heading characteristic B},¢qq is phase shifted by
90° relative to B¢y for each sensor orientation. These individual phase shifts for 3 are added to the fit functions. The sensor
orientations used for this approach are listed in Table 4.

As discussed in Sect. 2, each sensor orientation has a slightly different residual field. This has to be taken into account during
fitting. Four sets of residual field fit parameters (B>, Bf O with SO € {0°,90°,180°,270°} ) are applied to the fit function
feoir of equation 15.

For a given set of operational parameters, all heading characteristics (measured at the four sensor orientations) are fitted with

the parameter b, while each sensor orientation has its own fit parameters for their respective residual field (B5©, B;f 9).
Evaluation of Remanent Magnetisation of the Sensor Unit

The fit gives four residual fields. If the differences between these fields are larger than the expected inhomogeneity, a remanent
magnetisation of the sensor unit is probable. In this case, the fit interprets the magnetisation as a residual magnetic field within

the coil system, and the variations of the fitted residual field become larger than the inhomogeneities within the coil system.
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A sensor unit with a remanent magnetisation can only be reasonably fitted with a single residual field for all four sensor

orientations to extract the heading characteristics.
Calculation of Accuracy and Precision

From the measured data for both coupled CPT resonances and the fit results, the angular averaged accuracy

n

EMAGSCA = Z
B

Bmeas,ﬂ - Beff,,B
n

21

is calculated. The angular averaged precision Py; 4gsc 4 is the corresponding standard deviation.
The total angular averaged accuracy AE;,; and total angular averaged precision P,,; not only depend on MAGSCA, but also
on the accuracy and precision of the reference magnetic field strength B, ¢, produced by the Merritt coil system (Table 3). The

total angular averaged accuracy, including the accuracy of the Merritt coil system AE.,;;, is

— — —
AE;; = \/AEMAGSCA +AE..; - (22)

The total precision, including the precision of the Merritt coil system P, is

= 2 —2
Piot = \/PMAGSCA +Pooi - 23)

4 Verification Tests and Results

In the course of the evaluation of the accuracy and precision of MAGSCA, several sets of operational parameters were investi-
gated. One set of operational parameters consists of a laser bias current and a sensor temperature, measured at different applied
magnetic field strengths. For each set of operational parameters and for each sensor orientation, the applied magnetic field was
rotated and recorded.

The operational parameters as well as the fit results for calculating the effective field By are listed for the MAGSCA
stand-alone setup in Table 6 and for the J-MAG integrated setup in Table 7.

For the measurements at the sensor temperatures of 35°C and 45°C (Table 6), only three sensor orientations are listed.
During the data recording of the missing sensor orientations, an error occurred and thus, the measurements had to be removed.
This increases the uncertainty of the fitted residual fields and, consequently, of the calculated heading characteristics.

A remanent magnetisation of the sensor unit does not depend on the selected set of operational parameters, thus, only fit
results for all four sensor orientations are considered for the evaluation of a potential sensor magnetisation. At the laser bias
current of 2.14 mA (Tables 6 and 7), the standard deviations A B; of both components of the residual fields are in the order of
0.10 nT. These variations are similar or smaller than the expected impact of the inhomogeneities on the magnetic field strength
measurement (Sect. 2). Thus, it can be concluded, that the MAGSCA sensor unit does not have a residual magnetisation larger
than 0.10 nT. Additionally, the adapter plate, used for the spatial correction of the vapour cell offset, reduces the variations of

the residual fields in the J-MAG integrated setup.
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Table 5. Angular averaged accuracy and angular averaged precision of MAGSCA on board JUICE. The total angular averaged accuracy
AE,,; and the total angular averaged precision P;,; considers the accuracy and precision of the Merritt coil system, used for applying the
reference magnetic field. The operational parameters are the laser bias current (LC) and the vapour temperature (VT) at the applied magnetic

field strength Bayp. AE;o; and Py,: were rated according to the classification introduced in Table 1.

Bapp [nT] ‘ LC [mA] ‘ VT [°C] H AEmacsca [nT] | Payagsca [nT] H AEi0 [nT] | Pyt [nT] H Rating ‘

MAGSCA stand-alone setup
300 2.14 25 -0.07 0.10 0.12 0.11 B
300 2.65 25 -0.15 0.14 0.18 0.15 B
300 3.39 25 -0.15 0.29 0.18 0.30 C
300 2.65 35 -0.11 0.14 0.11 0.15 B
300 2.65 45 -0.15 0.22 0.18 0.23 C
J-MAG integrated setup
300 2.14 25 -0.04 0.07 0.10 0.08 A
900 2.14 25 -0.04 0.06 0.10 0.07 A
1500 2.14 25 -0.03 0.07 0.10 0.08 A

From the a ;, and b parameters of Tables 6 and 7 the mean non-orthogonality angle was calculated as (89.995 £ 0.002)°. A
small deviation is found, compared to the measured non-orthogonality angle of (§9.975 % 0.007)°. This can be explained by
the uncertainty of the used fitting approach and/or by a possible change in the deformation of the Merritt coil system between
the time of the experimental determination of the non-orthogonality and the time of the verification of MAGSCA.

The results of Tables 6 and 7 were used to subtract the applied magnetic field from the measured data to extract the heading
characteristics. In order to have a clear visualisation of each set of operational parameters, combined heading characteristics
were determined. Therefore, the mean value of the four heading characteristics was calculated for each sensor angle, as well as
their standard deviation. Thus, the presented Fig. 2, 4 and 7 show the combined heading characteristics for the respective sets
of operational parameters. The standard deviation is used for the error bars.

The variations of the residual fields at the high laser bias current of 3.39 mA seen in Table 6 is mainly driven by the notable
deviation of the residual field at the sensor orientation of 0°. This also explains the larger error bars of the combined heading
characteristics in Fig. 4 for the laser bias current of 3.39 mA.

The combined heading characteristics were used to calculate the angular averaged accuracy AEj;4gsc 4 and the angular
averaged precision Pys4gsca. The accuracy and precision of the Merritt coil system (Table 3) was considered by equation 22
and 23 to determine the total angular averaged accuracy and total angular averaged precision. All results are found in Table 5
and are rated according to the classification of Table 1.

Figure 7 depicts the heading characteristics for the laser bias current of 2.14 mA, the sensor temperature of 25°C and the

applied magnetic field strength of 300 n'T. The figure shows that the stand-alone setup as well as the J-MAG integrated setup
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Figure 7. Heading characteristics Bjeqq Of the no and ns coupled CPT resonances measured with the MAGSCA stand-alone setup and
the J-MAG integrated setup. Operational parameters: bias current 2.14 mA; sensor cell temperature is 25°C at Bgpp = 300 n'T. Each data
point is the mean value of four separate measurements at four different sensor orientations, and the error bars are the corresponding standard
deviations. The fit parameters for calculating the effective field B, can be found in Tables 6 and 7. The accuracy requirement 0.2 nT (1-0)

of the JUICE mission is added as red horizontal lines.

result in heading characteristics with the same angular behaviour. This set of operational parameters satisfies the performance
requirements and is rated with A for the J-MAG integrated setup (Table 1). It is the most suitable set of investigated operational
parameters for MAGSCA. No correction of the data is required to comply with the required performance for the JUICE
missions. Table 5 shows that the stand-alone as well as the integrated setups result in comparable angular averaged accuracies
and angular averaged precisions. Thus, the performance of the stand-alone setup can be expected in flight for the other sets of
operational parameters.

The applied magnetic field strength, in the tested magnetic field range (300-1500 nT'), does not impact the accuracy and
precision of MAGSCA.

A higher laser bias current has a negative effect on the accuracy and precision which can be explained by larger light shift
effects due to the higher light intensity within the vapour cell (Amtmann, 2022). The ratings for the measurements at the sensor
temperatures 35 and 45°C are impacted by the lack of a fourth sensor orientation, however, it is concluded, that a higher vapour
temperature results in a lower rating.

The angular averaged accuracy AEj; 4gsca of Table 5 is lower than the applied magnetic field strength. It is assumed that
the imbalance of the individual components of the laser light spectrum (created by the modulation of the laser bias current)
together with their frequency detuning to their respective atomic transitions cause light shifts of the atomic levels involved

in the formation of the CPT resonances. Under certain conditions, these light shifts are indistinguishable from Zeeman shifts
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Table 6. Fit parameter for the calculation of B.y; for the MAGSCA stand-alone setup within the Merritt coil system. The fit results were
used to determine the heading characteristics at various laser bias currents (LC) and vapour temperatures (VT). ay;, is the applied magnetic
field strength and b the impact of the non-orthogonality. The residual fields are listed as B, and B, for each sensor orientation (SO). The
mean values B; as well as their standard deviations A B; were calculated for each component of the residual magnetic fields. Due to errors
in the data recording, the sensor orientations 90° at 35°C vapour temperature and the sensor orientation 180° at 45°C vapour temperature

had to be removed from the data evaluation.

| LCmA] | VT1°C) | age 0T [ bWT1 | SO | B.mT) | B, )

0° 3.18 2.60
2.14 25 300 0.02 0 2% >33
180° 3.05 2.48
270° 3.02 2.61
B;+ AB; 3.05+0.10 | 2.50 +0.14
0° 3.18 2.51
2.65 25 300 0.03 0 296 231
180° 2.87 2.30
270° 3.03 2.44
B; £ AB; 3.01 +£0.13 | 239 £0.10
0° 3.10 2.36
3.39 25 300 0.01 0 264 228
180° 2.50 2.20
270° 2.63 2.26
B; + AB; 2724027 | 227 +0.07
0° 3.38 2.77
2.65 35 300 0.03 | 180° 3.37 2.33
270° 3.46 2.66
B; + AB; 3.41+0.05 | 2.59 +£0.23
0° 2.68 275
2.65 45 300 0.02 | 90° 2.66 2.18
270° 3.15 2.88
B; £ AB; 2.83+0.28 | 2.60 & 0.37

(atomic level shifts created by the ambient magnetic field) which cause the heading characteristics as well as the overall offset
of the magnetic field strength measurement (Amtmann, 2022).
The accuracy of MAGSCA below the ambient magnetic field strength of 300 n'T is discussed in the separate publication

Ellmeier et. al. Lower Magnetic Field Measurement Limit of the Coupled Dark State Magnetometer (Ellmeier et al.).
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Table 7. Fit parameter for the calculation of B,y for the J-MAG integrated setup within the Merritt coil system. The fit results were used
to determine the heading characteristics at various laser bias currents (LC) and vapour temperatures (VT). a4, is the applied magnetic field
strength and b the impact of the non-orthogonality. The residual fields are listed as B, and B, for each sensor orientation (SO). The mean
values B; as well as their standard deviations A B; were calculated for each component of the residual magnetic fields. The variations of

the residual fields are smaller compared to the MAGSCA stand-alone setup due to the compensation of the vapour cell offset by the adapter

plate.
| LCmA] | VT1°C] | agie nT) | b0T] | SP | B, [Ty B, [nT]
0° 105 023
90° 0.82 0.15
214 25 300 | 004
180° 1096 10.08
270° 0.86 20.09
Bi+AB, 092+0.10 | -0.13 % 0.07
0° 0.85 020
90° 078 0.17
214 25 900 | 009
180° 20.80 0.05
270° 0.85 0.19
Bi+ AB; —0.82+0.04 | -0.15+0.08
0° 078 0.13
90° 0.6 10.08
214 25 1500 | 0.5
180° 073 0.03
270° 0.77 0.13
Bi+AB, ~0.7440.06 | -0.08 + 0.8

5 Summary and Conclusion

This paper reports the pre-flight verification of the accuracy and precision of the magnetic field strength measurement of the
scalar magnetometer (MAGSCA) on board ESA’s Jupiter Icy Moon Explorer (JUICE) mission. The performance was evaluated
with a double Merritt coil system at the Conrad Observatory in Lower Austria.

The deficiencies of the applied test field and MAGSCA’s heading characteristics were separated by measurements with four
dedicated sensor orientations and by fitting a mathematical model to the measured data. The heading characteristics describe
variations of the magnetic field strength measurement from a reference magnetic field strength as a function of the angle
between the sensor axis and the applied magnetic field vector. It was found, that the accuracy and precision of MAGSCA are

determined by the heading characteristics, which, in turn, depend on the selected set of operational parameters.
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It was shown, that the operation of the magnetometer at a laser bias current of 2.14 mA and a sensor temperature of 25°C do
not require data correction to be compliant with the accuracy requirement of 0.2 nT (1-¢) for the JUICE mission. Therefore,
these operational parameters were defined as the default configuration of MAGSCA.

Especially in the Jupiter environment, the instrument’s optical components will experience radiation induced attenuation. To
counteract this, the instrument will have to be operated at higher laser bias currents and at higher sensor temperatures. Thus,
the performance of the instrument has to be understood for these operational parameters.

For the investigated operational parameters, the applied magnetic field strength does not have an impact on the accuracy and
precision of MAGSCA in the tested range from 300 to 1500 nT. Additionally, no measurable residual magnetisation of the
sensor unit was found. A comparison of the stand-alone setup and the integrated setup shows that the same result as measured
with the stand-alone setup can be expected for MAGSCA during the JUICE mission.

In a future publication, we will discuss the impact of radiation induced attenuation within the optical path on the performance

of the scalar magnetometer on JUICE as well as the in-flight tracking of this attenuation.
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