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Precise mapping of the geomagnetic field is essential for understanding Earth’s geodynamics, space
weather interactions, and navigation applications. Traditional magnetometers face limitations in sensitiv-
ity for a wide dynamic range, and compactness. To address these challenges, the OSCAR-QUBE quantum
magnetometer based on nitrogen-vacancy centers in diamond was developed, providing a sensitive and
compact solution for space-based magnetic-field measurements. Our system employs optically detected
magnetic resonance to measure magnetic fields utilizing the quantum properties of nitrogen-vacancy cen-
ters in a miniaturized design. The form factor of the final device was 1U (10 x 10 x 10 cm?®), weighing
420 g, and had a power consumption of 5 W. Deployed aboard the International Space Station, our mag-
netometer measured high-resolution magnetic-field maps, achieving a sensitivity of <300nT/+/Hz and
successfully demonstrating in situ vector magnetic-field mapping under low-Earth-orbit conditions. These
results validate the flight-proven application of diamond quantum sensing in space, demonstrating the
feasibility of solid-state quantum magnetometry for next-generation remote sensing and Earth observa-
tion missions. This work lays the foundation for future compact, multisensor quantum payloads for both
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scientific and commercial space applications.
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I. INTRODUCTION

Magnetic-field measurements in space provide insight
into geomagnetic dynamics, planetary formation, and var-
ious geological processes [1]. Earth’s magnetic field plays
a crucial role, acting as a protective shield against solar
radiation. High-precision magnetometry offers a deeper
understanding of the dynamic behavior of the magnetic
field and its interaction with space weather phenomena
[2]. Furthermore, geomagnetic data collected from space
supports technological advancements in satellite naviga-
tion and enhances the reliability of satellite systems by
monitoring environmental conditions that affect onboard
sensors [3,4].

As such, space magnetometry has received significant
global attention due to its role in advancing our under-
standing of Earth’s magnetic environment and supporting
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the operational demands of modern space missions. Cur-
rently the primary mission measuring the magnetic field
of Earth from space is ESA Swarm [5]. This constella-
tion consists of three identical satellites equipped with
a high-precision vector-field magnetometer and an abso-
lute scalar magnetometer, enabling measurements of both
direction and intensity of the Earth’s magnetic field [6,7].
This approach of multiple sensors allows for enhanced
accuracy and increased reliability while being able to cal-
ibrate the sensors. Other Earth magnetometry missions
such as CSES [8] and MSS-1 [9], and upcoming mis-
sions NanoMagSat [10,11] and NASA’s MagQuest [12]
demonstrate the significance of gathering high-precision
magnetic-field measurements on miniaturized, CubeSat-
sized platforms. These initiatives are targeting large con-
stellations of magnetometers measuring Earth’s magnetic
field simultaneously while offering higher temporal and
spatial resolution of the magnetic-field variations. Data
collected by such missions contributes to geomagnetic
field models such as CHAOS (CHAMP, @rsted, and SAC-
C model of Earth’s magnetic field) [13] and international
geomagnetic reference field (IGRF) [14].

There are several challenges involved in measuring
magnetic fields in space, primarily due to the harsh
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operational environment and constraints imposed by the
satellite platform. Spacecraft-generated electromagnetic
noise requires the use of a deployable boom or magnetic
gradiometry to remove the magnetometer from onboard
interference sources and increase measurement accuracy
[15,16]. Additionally, sensors must be designed to with-
stand harsh conditions such as thermal variations and
cycling, high-energy ionizing radiation, microgravity, and
(micro)vibrations [15,17]. All these factors impact long-
term performance of the sensor due to degradation or drift
of the calibration [18,19]. Thus, onboard calibration is
required for every space mission utilizing a magnetome-
ter payload. While this has been successfully implemented
in current fluxgate magnetometers, maintaining calibration
accuracy remains a significant challenge limiting over-
all measurement precision [20,21]. Fluxgate sensors offer
strong heritage and sensitivity, but they are susceptible to
offset and scale-factor drift with temperature and ageing,
and to hysteresis effects, which drive periodic recalibra-
tion and careful magnetic cleanliness requirements [15].
In contrast, miniaturized microelectromechanical system
(MEMS) magnetometers offer excellent size, weight, and
power consumption (SWaP), but exhibit higher noise
floors and stronger temperature-dependent offset and scale-
factor drifts. This can limit absolute accuracy in precision
applications without frequent calibration and compensa-
tion [15]. As such there is an increased demand for mag-
netometers with reduced SWaP while remaining sensitive
and complying to Earth observation (EO) requirements.
This is due to an increasing popularity of smaller plat-
forms, particularly CubeSats [15,22]. Classical sensors,
however, are approaching their fundamental performance
limits in terms of both SWaP and sensitivity to mag-
netic fields [15]. This calls for innovative sensing solu-
tions and performance optimization approaches to enable
miniaturized magnetometers capable of meeting modern
space-mission requirements.

A promising emerging technology for space magne-
tometry is based on nitrogen-vacancy (NV) centers in
diamond. These sensors address key limitations of exist-
ing platforms by combining high sensitivity [23] with
robustness to the environment. Diamonds’ inherent radi-
ation hardness, thermal stability, and mechanical robust-
ness make it well suited for harsh space environment
operation [24]. NV-based magnetometers offer a wide
dynamic range (linear up to 0.1 T) [25,26], broad band-
width (dc—MHz) [25,26], and vector-field-sensing capabil-
ities [27], while also enabling simultaneous temperature
measurements [28]. Recent advancements have demon-
strated subnanotesla sensitivities using compact imple-
mentations, approaches include fiber-based readout, LED
excitation, and CMOS integration [29—34]. However, most
of these efforts remain at the sensor-head level, lack-
ing full system integration. This presents a challenge for
space applications, which require compact, low SWaP, and

fully integrated devices capable of long-term autonomous
operation.

In this work we present miniaturization efforts lead-
ing to the development of a fully integrated NV-based
magnetometer prototype, as part of the Optical Sen-
sors based on CARbon materials: QUantum BElgium
(OSCAR-QUBE) mission. OSCAR is an interdisciplinary
student team developing miniaturized quantum sensors
based on diamond. The main goal is to miniaturize and
further integrate this technology to prepare it for space
applications, while allowing students to step into the
fields of quantum and space research. The OSCAR-QUBE
device is a 1U NV magnetometer achieving measured
sensitivity of <300nT/+/Hz using continuous-wave opti-
cally detected magnetic resonance (cw ODMR). The sen-
sor was deployed aboard the International Space Station
(ISS), operating in low-Earth-orbit conditions. This marks
the first demonstration of a fully integrated portable NV
diamond-based magnetometer successfully tested in space,
where it measured and mapped Earth’s magnetic field
from aboard the ISS [35,36]. Although the device’s sen-
sitivity was lower than that of state-of-the-art benchtop
systems at the time, it was still able to measure the mag-
netic field with high precision and verify its readings
against geomagnetic models. Based on the data acquired
during its 10 months’ operation the stability and sensitiv-
ity of the sensor are evaluated. This work demonstrates
the successful operation of a diamond-based sensor for
10 months in a space environment. The in-orbit perfor-
mance and future improvement strategies are discussed
and outlined.

II. MATERIALS AND METHODS

A. NV-based magnetometry

The operational principle of the NV-based magne-
tometer relies on optomagnetically active defects in the
diamond crystal lattice called nitrogen-vacancy centers.
These defects consist of a substitutional nitrogen atom
(N) adjacent to a lattice vacancy (V) [37]. NV centers
possess a negatively charged state that exhibits spin-
dependent photoluminescence (PL), enabling ODMR to
be used for magnetic-field sensing [38]. Upon excitation
with green laser light (typically 532 nm), the NV~ centers
emit red photoluminescence (>637nm). The application
of microwaves (MWs), via an antenna near the diamond
surface, at a frequency resonant with the NV spin transi-
tions allows for controlled spin-state manipulation. In the
NV ground state, the spin sublevels mg = 0 (bright state)
and mg = £1 (dark state) have distinct fluorescence prop-
erties due to the presence of a nonradiative metastable
state involved in the relaxation process. The external mag-
netic field can be measured via the Zeeman effect, where
the mg = %1 states split symmetrically, shifting the res-
onant microwave frequencies proportionally to the field
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FIG. 1. (a) Energy-level diagram of the negatively charged
NV center, showing the spin sublevels mg within the ground state
(G), excited state (E), and metastable state (M). (b) Illustration
of the four possible NV-center orientations (NV1, NV2, NV3,
NV4) within the tetrahedral crystal lattice of diamond, which are
essential for vector magnetometry. (c) Example ODMR spec-
trum showing four pairs of peaks corresponding to the four
NV-center orientations. Key parameters that affect sensitivity are
highlighted: the FWHM, contrast ¢, and photon count rate R. The
positions of the ODMR resonances are influenced by both intrin-
sic crystal properties and external conditions, such as magnetic
field and temperature.

strength (Fig. 1). NV centers are oriented along one of the
four tetrahedral axes in the diamond lattice, allowing for
three-dimensional (3D) vector magnetometry. In this work,
cw ODMR [25] is used to perform magnetic-field mea-
surements. However, more advanced measurements can be
achieved by pulsed mode operation (modulating the laser
and microwave in a defined sequence) to directly manipu-
late the spin states of the NV centers [39]. ODMR can be
used to measure both magnetic field and temperature: the
Zeeman splitting (difference of the + transitions) gives the
magnetic field, while the common shift of both resonances
(ZFS) reflects temperature. A complementary technique
to ODMR, that can serve as a possible further improve-
ment, is called photocurrent detected magnetic resonance
(PDMR) [40-43]. While the final device was PDMR capa-
ble, it was not utilized during the mission due to final
diamond sample selection.

NV-based magnetic-field sensors demonstrated detect-
ing magnetic fields down to the pT range [44,45], by lever-
aging the spin-dependent PL properties of NV centers. The
sensitivity is theoretically constrained by spin coherence
times 75, photon shot noise, and ODMR contrast. The
theoretical cw sensitivity for the system is determined by

Ref. [25]:

4 h Av
New = X X 5
N33 gus T CVR

where C is ODMR contrast, R the rate of detected photons,
Av the spin resonance linewidth, 4 Planck’s constant, g the
g factor of NV electron spin, and wp is Bohr’s magneton.
By tuning these parameters, the sensitivity can be opti-
mized. The laser power influences the spin-state initializa-
tion and readout, affecting R. Microwave power influences
the resonance linewidth and contrast. The detection effi-
ciency (e.g., photodiode, optics) affects the signal-to-noise
ratio (SNR). The sensitivity is further influenced by the
homogeneity of the applied microwave field, and the spot
size and stability of the green laser. A high-density NV-
center ensemble was selected for this mission to maximize
PL signal, increasing the SNR and sensitivity. Besides this,
sensitivity can be increased by shielding, data processing,
and further optimization of the hardware systems. The dia-
mond sample used was a CVD, electron irradiated sample
with average nitrogen concentration of 14 ppm, NV con-
centration of 2 ppm, FWHM of 100 kHz, and lattice-plane
orientation of 100 provided by Element Six.

(M

B. Sensor configuration

The overall sensor layout is shown in Fig. 2. It con-
sists of four printed circuit boards (PCBs) layered on top
of each other separated by aluminium spacers. The bot-
tommost board contains the control and power subsystem
including the field programmable gate array (FPGA). It
also contains the reference MEMS magnetic-field sen-
sor (LSM303AGR, STMicroelectronics). The second layer
contains the laser subsystem and the laser housing,
designed with dual purpose as both laser heatsink and for
focusing of the laser beam on the diamond sample. The
third layer contains the diamond, microwave electronics
and photocurrent readout electronics. An armlike mount
with a permanent 5 x 5 x 1.2 mm? Neodymium (NdFeB)
magnet mounted is placed in close proximity to induce
Zeeman splitting and minimize magnetic-field perturba-
tions to the surroundings. The mechanical stability of the
arm was tested and characterized before the mission. Both
the placement, strength, and positional stability of the
bias permanent magnet are key to ensure uniform split-
ting required for vector measurements. The top-most board
contains the optical readout system to measure the pho-
toluminescence emitted from the diamond located on the
third board. The microwave line antenna was positioned
above the diamond surface. The laser was aligned to be
as close as possible to the antenna, where the generated
microwave field was quasiuniform. The optical path of
the system was designed to maximize the collection effi-
ciency for the red PL. The design was chosen for both
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FIG. 2. Ecosystem of the OSCAR-QUBE mission, showing the diamond magnetometer integrated into the ICECubes Facility within
the Columbus module aboard the International Space Station. Data is transmitted to Earth through a secure VPN connection to Space
Application Services, stored and processed by the User Home Base part of the ground segment at Hasselt University. Magnetic-field
measurements are transformed into Earth-fixed coordinates for scientific analysis.

compactness, further miniaturization, and with modular-
ity in mind. The mechanical alignment of the full optical
path is fixed by the housing and was verified to be sta-
ble before and after vibration and thermal-vacuum testing,
with no measurable change in the calibration. The spe-
cific layout was also influenced by the SWaP constraints
imposed by its deployment aboard the ISS (see below).
The system layout was specifically designed to minimize
the electromagnetic interference between subsystems and
the diamond or other components. Based on approxima-
tions, the impact of these subsystems in the worst-case
scenario was below the sensitivity limit of the sensor. Fur-
thermore, key aspects to consider during the design phase
were both thermal and mechanical stability. Thermal man-
agement was focused on the mitigation of noise in the data
caused by thermal effects and heating variations. The main
heat sources, such as laser and microwave components,
were modeled to better understand and analyze the thermal
behavior and optimize their placement. The laser housing
itself acts as a heatsink to dissipate excess heat generated
by the laser during the experiment. The use of an aluminum
shell and aluminum standoffs contributed to improved ther-
mal conduction and structural stability. Rigorous testing
was performed preflight to ensure the device remained
stable during the mission duration. The final system, as
described above, was contained in 1U (10 x 10 x 10 cm?)
and weighed 420 g. In-depth description of the integra-
tion and miniaturization can be found in previous works
[35,36].

The laser diode’s (520 nm) optical power was adjustable
up to 53 mW, allowing for adjustments in power to opti-
mize the excitation of NV centers. Microwave power
was adjustable from —6 to +26 dBm, with a maximum
sweep range from 26003200 MHz. After an initial phase

of inflight optimization at the start of commissioning, all
adjustable parameters were fixed. This process of param-
eter optimization was repeated several times during the
mission duration.

C. Mission ecosystem

The mission was performed within the framework of
the ESA Academy Experiments program “Orbit Your The-
sis!” (OYT) designed for guiding students through the
design, development, testing, and operations of experi-
ments aboard the ISS housed inside the ICECubes Facility
(ICF, Space Applications Services). The ICF is housed
in the EPM rack inside the European module Columbus.
The ecosystem is shown in Fig. 2. While the program
enabled access to space, it imposed strict constraints to
ensure compliance with the ISS’s operational and safety
requirements. The payload operated within ICF, defin-
ing constraints on SWaP. The form factor was limited to
CubeSat standards (e.g., 1U-2U), with power lines (5 and
12 V) and mass budgets. Thermal management was pro-
vided by the ICF, which was controlled between 20 and
25°C. Additional radiation shielding by the ISS reduced
the need for radiation-hardened components. Human-rated
safety standards imposed further limitations to mitigate
failure propagation. No information was provided about
the magnetic cleanliness environment aboard the ISS. The
payload had a continuous connection to the user home
base via a VPN, resulting in around 231 GB of measure-
ment data over the duration of the mission. The sensor
was turned off during multiple periods, resulting in gaps
in the dataset. The ISS maintains an average orbital alti-
tude of approximately 400—420 km, with an inclination of
51.6°. The average spatial resolution of the sensor was
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calculated to be 7.7km for the downsampled 1 Hz data.
The microgravity environment minimized thermal convec-
tive effects, potentially influencing sensor performance.
The orbital day—night cycle introduces thermal fluctuations
in the spacecraft, which can further influence the perfor-
mance. This cycle also affects the measured magnetic field,
as solar radiation drives ionospheric currents that distort
the geomagnetic field.

D. Preflight system validation procedures

To verify both the scientific concepts and also the sub-
systems, a test-bench approach was chosen. This “flat-sat”
approach offered a modular system in which the developed
subsystems could easily be validated against commer-
cial off-the-shelf (COTS) components. Testing on this test
bench during the first phase of the project confirmed the
compatibility of the designed subsystem and feasibility
for achieving the desired sensitivity for the final sensor.
During the testing phase, the device’s subsystems were
evaluated to ensure adherence to the payload requirements.
Final integration was focused on system calibration, stabil-
ity, and readiness for operation. To ensure that the device
would survive the launch to the ISS, extensive qualifi-
cation tests were performed. These environmental tests
included vibration, thermal, and electromagnetic inter-
ference testing. Simultaneously, a functionally identical
sensor (besides the diamond sample) was developed for
on-ground testing and long-term performance evaluation.

E. Data-processing workflow

After the onboard acquisition, the data was formatted
into packets and transferred to the User Home Base on
ground. The packet contained all the ODMR sweeps, refer-
ence magnetometry data, and housekeeping data. The data
were then processed following the scheme shown in Fig. 3
to produce magnetic-field maps. ODMR measurements
yield resonance frequencies for all four NV orientations,
with the peak splittings proportional to the magnetic-field
projection along each of the four calibrated NV axes. The
splittings are extracted from the ODMR spectra using a
peak-detection algorithm, from which the magnetic-field
components along the four NV axes are determined. These
projections are then combined via a least-squares inversion
to reconstruct the 3D magnetic-field vector in the sensor
frame. This process is described in detail in Ref. [27].

As seen in Fig. 2, there are multiple reference frames rel-
evant to data interpretation in which the sensor operated.
Locally, the magnetic-field data was measured in the sen-
sor’s intrinsic reference frame determined by the orienta-
tion of the diamond. This reference frame was determined
by NV-axes calibration on-ground preflight and remained
fixed. As previously stated, the sensor is mounted inside
the ICF with a certain reference frame. The ICF is inside
the ISS with a reference frame defined by the station’s
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FIG. 3. Data-processing workflow. (a) Schematic simplified

representation of NV-center orientation inside diamond lattice.
(b) ODMR spectrum measured aboard the ISS, highlighting
resonance frequency pairs corresponding to all four NV orienta-
tions. (¢) Extracted resonance frequencies over time for each NV
orientation (NV1, NV2, NV3, and NV4) representing magnetic-
field projection along each axis. (d) Transformation of resonance
frequency differences (Afi_4) into magnetic-field components
(B, By, B;) in the sensor’s intrinsic reference frame. Compari-
son of OSCAR-QUBE and MEMS reference magnetometer data.
(e) Sequence of reference frame transformation: from the QUBE
frame to the ISS frame, to the inertial J2000 frame, to the ECEF
frame, and to the final NED frame.

longitudinal, lateral, and vertical directions. In orbit, the
ISS frame is in a continuous motion relative to Earth,
which provides the reference frame in which the magnetic-
field measurements are interpreted. To reconstruct the
magnetic-field vector and produce maps, transformations
between the sensor, ICF, ISS, and North-East-down (NED)
frames are required. Transforming the vector from the ISS
frame to the NED frame required a series of intermedi-
ate reference frames. The ISS frame is first converted to
the Earth-centered inertial (J2000) frame to account for
orbital motion, followed by a transformation to the Earth-
centered Earth-fixed (CTRS/ECEF) frame, which rotates
with the planet. Finally, the vector is projected into the
NED frame using the geodetic coordinates of the target
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location. This sequence, along with time-stamped atti-
tude data from the ISS, ensures correct interpretation of
the space-based magnetic-field measurements and allows
for comparison with geomagnetic models. The complete
overview of this process is visualized in Fig. 3.

Although the sensor was characterized and the NV-axes
calibration was performed, there was an expected pointing
error of 4.09° originating as a limitation of the Helmholtz
coil system [35] used for calibration. The Helmholtz sys-
tem consisted of three orthogonal pairs of Helmholtz coils,
designed to generate uniform magnetic fields along the
X, Y, and Z directions for full vector calibration. This
pointing error influences the transformation into the X, Y,
and Z components of the magnetic field during the mea-
surements. Additionally, there was no zero-field ground
calibration performed. As a result, in-orbit calibration was
required. This involved postprocessing of the complete
231 GB in-orbit dataset to extract the magnetic-field vari-
ations and statistically infer the optimal transformation
parameters, compensating for the absence of on-ground
calibration. The measured vector field is alignedtoa 3 x 3
calibration matrix and offset vector. However, this indirect
approach introduces additional sources of error.

Despite near continuous coverage provided by the ISS,
there were brief periods of data loss caused by EPS rack
downtime, communication issues, and similar interrup-
tions. These were in magnetically interesting areas, and
as the data was not time stamped on the experiment side,
a loss of signal (LOS) and acquisition of signal (AOS)
detection system was created to minimize the data loss. In
periods where the sensor was measuring but not transfer-
ring its data, it labeled it as LOS, to be sent down once
the communication was re-established. This LOS data was
temporarily stored on an SD card inside the experiment,
the maximum data rates were 40 x 1kB/s. However, this
solution created another complexity in the data-processing
pipeline, which was the sorting of data, about 99 million
ODMR sweeps. After this step, the peaks were extracted
using a peak detection algorithm. After appending GPS
data to each packet using time-stamp synchronization, the
measurement data was downsampled to 1 Hz by averag-
ing, to match the GPS dataset. The CHAOS-7 and IGRF
model data corresponding to GPS and timestamp data were
generated and appended to the packet for later compari-
son. The aforementioned reference frame transformations
were conducted, followed by statistical-analysis-based cal-
culations performed in two steps: (1) the field generated
by the bias magnet and (2) offsets to match the reference
magnetometer, which in turn was calibrated to match the
model in the ISS frame. The bias magnet’s contribution
was approximated by averaging the bias splitting over the
mission duration. While this should return the contribution
of the magnet exclusively, it can also remove part of the
desired external slowly moving variations of the Earth’s
magnetic field. No full in-orbit calibration of the sensors

was performed. Instead, model-based offsets for each axis
were applied using a least-squares fit to the IGRF field to
enable comparison of trends between measured and model
data. This introduces a residual error across the dataset
due to natural drift in the Earth’s magnetic field over
time. Spacecraft-induced magnetic noise (e.g., placement-
related noise) was also assessed, though the results are not
included in this paper.

F. Data-rejection considerations

During the processing of the dataset, a significant part
of measurements were rejected due to several reasons.
One reason is the lack of attitude and location data dur-
ing certain periods of time (approximately 45%). This
data was rejected, as the GPS interpolation caused unpre-
dictable behavior. Several measurements during sorting
were rejected, due to mismatching of the time stamps.
Measurements between 01:00 am and 02:00 am GMT were
rejected due to the ICF virus scan, during which the ICF
fans are activated on max power, resulting in temperature
change of the system and vibrations in the dataset. Further-
more, measurements using either wrong MW settings or
laser settings were filtered out (approximately 20%). This
resulted in a cleaner dataset for analyzing and producing
the magnetic field maps. The rejected data will be further
analyzed in a future work. Approximately 32.3% of the
total acquired magnetic-field data was deemed usable and
subsequently processed.

G. Long-term stability evaluation

The stability of the OSCAR-QUBE sensor was evalu-
ated through longer-term monitoring of parameters influ-
encing the magnetic-field measurements. These indicators
of stability include: ODMR parameters (signal contrast,
FWHM, SNR, baselines), magnetic-field drift over time,
pointing accuracy, and internal temperature fluctuations.
The stability of the sensor was assessed by monitoring each
of these key indicators over a period of 10 months. To fur-
ther identify trends and potential degradation, a statistical
analysis of the residuals between measured, reference mag-
netometer, and model magnetic-field data was performed
(see Supplemental Material [46]).

III. RESULTS AND DISCUSSION

A. Technical implementation

Here we demonstrate the developed NV-based magne-
tometer prototype that was implemented as a fully inte-
grated cw ODMR magnetometer system with 1U (10 x
10 x 10 cm?) form factor. The practical achieved sensitiv-
ity of the sensor was 300nT/+/Hz. This sensitivity was
measured using a power spectral density analysis during
preflight testing, which can be found in Ref. [35]. The
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FIG. 4. OSCAR-QUBE diamond-based magnetometer flown
aboard the International Space Station.

OSCAR-QUBE flight model is shown in Fig. 4. The result-
ing specifications are presented in Table I. These values
were determined during ground characterization before
launch. The majority of measurements were performed
under 2729 mW laser excitation, microwave power of
+26 dBm in a range of 2660—3090 MHz. During the opera-
tion phase, measurement parameters were adjusted several
times to optimize performance of the magnetometer, which
had an influence on the ODMR data, as discussed fur-
ther in this chapter. The development of the magnetometer
went through the full lifecycle of a space project, includ-
ing design, prototyping, testing, and final integration. The
mission was selected in April of 2020 and was delivered

TABLE I. OSCAR-QUBE sensor specifications.
Parameters Value Comments
Size 1U 10 x 10 x 10 cm?
Weight 420 g
Power 5W Peak power

consumption consumption
dc sensitivity <300nT/~/Hz Noise spectrum
can be found in
Refs. [36,47]
Measurement rate <40Hz Vector mode
<1.3kHz Single-axis mode
Dynamic range 1.86mT
Nitrogen 14 ppm (100) CVD
concentration diamond
NV concentration 2 ppm (100) CVD
diamond

for shipping exactly one year later in April of 2021. The
experiment was launched on August 29, 2021 and installed
inside the ICF on September 2. The sensor was decom-
missioned in June 2022 and subsequently brought back
to Earth for further analysis. During the operation phase,
a total of 231 GB of raw data (including ODMR and
housekeeping data) was acquired.

B. Performance evaluation

To demonstrate the capability of long-term magnetic-
field sensing with the device in harsh conditions, measure-
ments were gathered for a period of 10 months. Figure 5(a)
shows the recorded ODMR spectra for the first 8 months of
operation aboard the ISS, showing a qualitative assessment
of stability of the NV-based magnetometer technology in
real space conditions. The photoluminescence signal has
been normalized to visually compare the data. As ODMR
is the core sensing principle of the technology, its stabil-
ity directly correlates with the reliability of magnetic-field
measurements. Spectrum, theoretical sensitivity of the dia-
mond, baseline signal intensity, contrast, and FWHM of
resonance peaks were monitored as indicators of sys-
tem stability, representing the key ODMR characteristics.
Figures 5(b)-5(e) presents the key performance metrics
of the magnetometer. Error bars representing standard
deviation indicate variability of the dataset over the mis-
sion duration. The measurement contrast over the 8-month
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FIG. 5. ODMR measurements and extracted parameters from

8 months of operation aboard the ISS, showing no observable
degradation in sensor performance. (a) ODMR spectra display-
ing eight resonance peaks used for analysis. (b) Evolution of
the contrast parameter. (c) Evolution of the linewidth parameter.
(d) Evolution of baseline signal and set laser power. (¢) Evolu-
tion of theoretical calculated sensitivity. Error bars represent the
standard deviation across repeated measurements.
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(Top) Map of the total magnetic-field strength of the earth made from 10 months of data measured using the OSCAR-QUBE

sensor (left) onboard the ISS compared to the CHAOS-7 model (right). (Middle and bottom) Comparison of individual magnetic-field
components (X, Y, and Z) measured by the OSCAR-QUBE sensor (middle) and their corresponding CHAOS-7 model values (bottom).
Overall the maps show strong agreement between measurement and geomagnetic-field model.

period ranged from 1.56% to 1.57%. Across all months,
the standard deviation of the contrast was calculated to
be £0.015%, indicating minimal drift of the contrast. The
FWHM ranged from 9.68 to 9.96 MHz across the entire
mission. The overall standard deviation was +0.09 MHz.
The calculated theoretical sensitivity [Eq. (1)] of the dia-
mond with the OSCAR-QUBE sensor varied between
6.90nT/+/Hz and 7.60 nT/+/Hz, with standard deviation
of the monthly averages being -£0.26 nT/+/Hz. The second
part of the mission shows a change in baseline influenc-
ing the performance of the magnetometer, because of a
change in laser power. The laser power was changed from
29 to 27 mW, to avoid saturation of the readout subsystem
operating at the upper detection limit, resulting in less red
fluorescence hence impacting the sensitivity. The ODMR
spectra exhibited minimal, if any, shifts in resonance fre-
quency and linewidth, indicating excellent stability. The
stable ODMR signal and parameters over the mission dura-
tion serves as an initial demonstration of the robustness
of the diamond-based magnetometer to long-term opera-
tion in a harsh space environment. We further examine
the magnetic-field measurements performed aboard the

ISS, verifying the agreement with the CHAOS-7 magnetic-
field model and demonstrating the successful operation and
long-term stability of the diamond-based magnetometer
in low Earth orbit. Figure 6 presents the magnetic-field
maps derived from the OSCAR-QUBE measurements.
The entire dataset acquired over a span of 10 months is
displayed. The visualization is realized by averaging the
values onto a latitude-longitude grid and then interpolat-
ing. Figure 6(a) shows the maps for the total magnetic
field and the corresponding map for the CHAOS-7 model.
The range of the total measured magnetic-field inten-
sity was between 20 and 54 uT, in agreement with the
geomagnetic-field model. Figure 6(b) shows the maps for
the individual components (X, ¥, and Z in the NED frame)
and comparison to CHAOS-7. It showcases that the large-
scale features from the measured magnetic-field patterns
match the CHAOS-7 model, validating the sensor’s vec-
tor measurements. Moreover, structures such as the South
Atlantic anomaly, a region of locally weakened geomag-
netic field over the South Atlantic, can be clearly resolved
in the measurement data. The residuals for the maps are
presented in the Supplemental Material [46].

054017-8



DIAMOND-BASED MAGNETOMETER ABOARD ISS

PHYS. REV. APPLIED 285, 054017 (2026)

TABLE II.  Statistical analysis of magnetic-field components.
Mean Within
residuals RMSE £2000nT

Component (nT) (nT) PCC (%)

Total 701.46 1248.40  0.992 88.91

X 299.35 1205.08  0.993 92.87

Y —1136.18 1653.91  0.956 74.34

Z —952.61 1068.23 1.0 97.52

To quantitatively assess the level of agreement between
the measured magnetic-field maps and geomagnetic-field
model, a statistical analysis was performed for all the field
components: total, X, ¥, and Z. More specifically the met-
rics root-mean-square error (RMSE), mean residuals, and

Pearson correlation coefficient (PCC) were calculated. The
full analysis is shown in Table II.

The measured data demonstrates strong overall agree-
ment with the CHAOS-7 model across most of the com-
ponents. Particularly total and X component indicate a
good agreement with high correlation, low error, and the
majority of data within the +2 WT range (Table II). This
threshold was chosen based on the sensor’s sensitivity, to
allow for both model error and sensor drift. On the other
hand, the Y component has good correlation but shows
higher RMSE and larger negative mean residual, suggest-
ing systematic offset or discrepancy between both datasets.
Regarding the Z component, while showing perfect cor-
relation hence capturing the large-scale structure, there
is a discrepancy in the absolute errors, possibly due to
local variations causing residual artifacts. Discrepancies
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FIG. 7. Total magnetic-field measured by the OSCAR-QUBE sensor throughout the entire mission duration. (Top) Comparison of

six selected windows of 12-h periods in beginning, middle, and end of the mission. Selected periods show both close correspondence
(left) and noticeable discrepancies (right) between measured data and CHAOS-7 model. (Bottom) Total magnetic-field strength (yel-
low) compared with laser temperature (black), indicating the influence of temperature on the data. Gaps in plots are due to missing
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with the model can be due to limitations in sensor sensi-
tivity, calibration accuracy, and spacecraft orientation, all
of which can influence the vector components to varying
degrees.

Overall, the data measured from space with the
diamond-based sensor demonstrates close agreement
between the measured maps and geomagnetic-field model
data, highlighting the functionality of the technology.
While minor deviations are present, these are expected
and can be attributed to several potential factors such as
calibration errors, temperature instabilities, lower sensor
sensitivity in specific axes, spacecraft generated magnetic
noise, or possible local effect of the magnetic field. To
remove the exact source of these deviations, further opti-
mization of the technology is needed, as well as improved
(in-orbit) calibration methodology and noise reduction
techniques.

The top part of Fig. 7 showcases a comparison of
12 h between the measured total magnetic field and the
CHAOS-7 model. This comparison is shown for month 1
(September 2021), 4 (January 2022), and 8 (April 2022)
of the mission. Representative 12-h intervals from these
are presented, highlighting both regions of strong cor-
respondence and areas of clear discrepancy between the
measured data and the CHAOS-7 model. These highlight
that the sensor overall operated accurately, while during
certain times overestimating or underestimating the mag-
netic field of Earth. On top of aforementioned potential
effects, temperature can also influence the ODMR data
and the system overall (such as the permanent magnet),
and can be potentially mitigated by further data process-
ing and the implementation of a temperature correction
algorithm in future missions. These will be investigated in
a future work. Overall, the measured data is in close agree-
ment with the model. As shown in Table II, approximately
88.91% of the total magnetic-field measurements across
the dataset fall within 2 W T of the geomagnetic-field
model.

The total magnetic-field magnitude over the full mis-
sion timeline is shown in Fig. 7(g). The last month of the
mission was omitted from the figure as this period was
focused on a deeper system evaluation with different oper-
ation regimes and parameters being tested, preventing the
use of this data for relevant comparison within this study.
The data exhibits some minor visible oscillation and drift
over the 10 months of measurements. This drift can be
compared with the variation of laser temperature shown
in black, highlighting a certain influence of temperature
instabilities on the measurement system. No significant
degradation or anomalies are observed over time, further
demonstrating the stability of the instrument in orbit.

To further investigate the behavior of the magnetic-
field measurements over time, the total magnetic field was
averaged for each day and compared over the entire mis-
sion duration. This is shown in Fig. 8. A close agreement
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FIG. 8. Daily averaged total magnetic-field strength measured
by the OSCAR-QUBE sensor and compared to the geomagnetic-
field model CHAOS-7 for the entire mission duration. The data
shows good alignment between both datasets, with observable
fluctuations over time. The bottom plot shows the laser temper-
ature over the same time, hinting towards possible correlations
between sensor temperature and magnetic-field measurements.

between both model and measured data is observed. The
CHAOS-7 model has a single mean value of 33.8 WT. The
measured dataset shows more variation and also two peaks
in the histogram, one around 33.7uT and the other at
36.4uT. A first potential source of these variations could
be temperature cycling or instabilities. As shown in the
bottom panel of Fig. 8, the laser temperature showcases
the same spread as seen in the measured magnetic data,
highlighting a potential correlation between both. Tem-
perature fluctuations manifest in the ODMR spectrum as
a shift of the resonance line, thus influencing the data
processing analysis. Although the sensor operated in a
thermally controlled environment of the ICF, temperature
fluctuations cannot be entirely ruled out. To further inves-
tigate the long-term stability of diamond-based quantum
sensors, additional temperature monitoring will be con-
ducted. Since NV centers enable both magnetometry and
thermometry, this allows for integrated temperature moni-
toring within the same system. As a result, such quantum
magnetometers could be enhanced with self-correction
protocols in the future. Besides diamond, temperature also
influences the permanent magnet (alignment and mag-
netization) [48], negatively influencing the measurement
data. Other sources, such as magnetic noise, environmen-
tal effects, etc., also contribute to the final result and should
be mitigated in future missions. In conclusion, the sen-
sor performed exceptionally well in accordance with the
ground testing, even though it is a complex system located
inside the ISS environment which introduced additional
noise. The sensor consistently delivered high-quality data,
in agreement with the ground testing, during the entire 10
months of operation. Its operation under these real space
conditions highlights the reliability and stability of the sys-
tem and confirms the viability of diamond-based sensors
for future space missions.
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IV. CONCLUSION AND OUTLOOK

The work focuses on a diamond-based magnetometer
developed as part of the OSCAR-QUBE mission aboard
the ISS. It demonstrates the successful reported opera-
tion of the diamond-based quantum sensing technology in
a space environment for 10 months. The ODMR spectra
and their parameters remained stable over the entire mis-
sion duration, the deviation for contrast was £0.015%, and
FWHM was +0.09 MHz. The final sensor had an over-
all sensitivity of <300nT/+/Hz. The acquired magnetic-
field maps are in good agreement with the CHAOS-7
model. Minor variations and deviations are present, most
likely due to spacecraft-related magnetic noise, calibration
errors, lower sensor sensitivity, local magnetic-field effect,
or thermal fluctuations. The influence of these events and
potential sources of error and mitigation strategies will
be further investigated in future work. In-depth investi-
gation of the matching between the acquired data and
model shows periods of excellent agreement and periods
of less agreement. Temperature influence, degradation of
the magnet and magnet alignment are also possible sources
of error, an issue that can be mitigated by the imple-
mentation of calibration or bias magnetic-field application
coils. Future work focuses on testing a passive navigation
method using diamond-based sensors onboard ESA Ari-
ane 6 rocket (OSCAR-QUBE-+), and on further integration
and sensitivity optimization of the technology. In conclu-
sion, this work demonstrates the potential of this novel
technology as a reliable tool for magnetic-field measure-
ments in the space environment, highlighting its suitability
for future space missions.
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