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ABSTRACT

Climate change represents one of the most preshkaitenges of our time, making it crucial to confymed its underlying
mechanisms and causal relationships. Satellitecb@asenitoring of Earth's mass distribution changesvides an
invaluable tool for acquiring this critical globahowledge. Quantum sensors based on atom interérgrstand out as a
promising tool for improving the measurement oftRargravity field from space. By leveraging theagtum properties
of cold atoms, used as test masses, this technolégng unparalleled accuracy. The extended fréaifaes available in
space further enhance the performance of atomfénteneters, contributing to monitoring global pherema with
unprecedented sensitivity. However, adapting aradifying these instruments for space applicatioresents significant
challenges. To address these challenges, the CARIPIQP project, funded under the European Commissidiorizon
Europe program, aims to prepare the developmeat@fiantum Space Gravimetry Pathfinder Mission. Tritgative
seeks to unlock the key capabilities of space-baged interferometry, paving the way for future Higrecision
gravimetry missions. A central objective of the jpob is the realization and testing of an EngirmegrModel of the
guantum sensor, involving close collaboration betwEuropean industry and research institutions.
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1. INTRODUCTION

Cold-atom interferometers constitute an inertialsteg breakthrough, delivering enhanced sensitigityl long-term
stability for measuring accelerations and grawtadi fields. When operated in orbit, their extentted-fall times would
contribute to the detection of gravity variatiohattare essential for space-geodesy applicatiartsasimonitoring glacier
melt, groundwater loss, and sea-level rise. Thiglardescribes the development of a dedicated @uarfPathfinder
Mission, called CARIOQA (Cold Atom Rubidium Intertameter in Orbit for Quantum Accelerometry), thaggares
these quantum sensors for routine space use slpapier, we report on the Pathfinder mission’slehges and objectives,
describes the organization and implementation efassociated project, and highlights the key telclgical elements
employed. The focus is on the first implementatitock, CARIOQA-PMP, whose objective is to advance the pagls
technology through the design, assembly, and tgsfimn Engineering Model (EM).

2. SCIENTIFIC CONTEXT
2.1 Key challengesin space geodesy

The assessment of global ma&smsport processes through satelitgne gravityfield monitoring is a crucial method for
confronting the environmental and societal chale=ngosed by climate change. Past and ongoing gp&stons
(GRACE, GOCE, and GRAGEO) have transformed our comprehension of Esy#iem mass redistribution by
delivering the first global, timearying gravity fields. The observations from thes&ssions have yielded uniquely
valuable insights into climatehange drivers [1] [2], including glacier and isleeet melt, sekevel rise [3], regional
droughts and floods, and they even offer the pretspgearlywarning capabilities for such events [4]. The dasmin
source of error in current missions stems fromsalg, a consequence of incomplete observation geprf&. Future
gravimetry missions will enhance the spaBmporal sampling of the gravity signal with catlyfudesigned satellite
constellations, yet their accuracy and resolutidhstill be constrained. A breakthrough in techmgy, centred on a new
generation of sensors, now promises a substaetal in accuracy. This advancement would improvéinmeuglobal
remote sensing of key climate variables acrossotean, cryosphere, atmosphere, and land hydrolagyyell as
monitoring geodynamic phenomena such as earthqu@etldegolcanic eruptions.
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2.2 Quantum technologies as essential building blocksfor future space geodesy missions

Classical electrostatic accelerometers, which Hman the keystone of previous gravimetry missiolesiver reliable
performance across a broad frequency range anddmalded the first global maps of Earth’s gravigyd. Their proven
heritage, however, includes an increase in lowtfeaqy noise and long-term drifts that can limit tbeonstruction of
long-wavelength gravity signals and the precisekirey of associated temporal variations [7]. Thesastraints have
motivated growing interest in emerging technologibesed on Cold-Atom Interferometry (CAI), which el@hine
acceleration by manipulating freely falling atomishwtaser light. These quantum-sensors are larfyely from many of
the systematic errors that affect classical deyio#fring higher sensitivity at long wavelengttg®] [9], drift-free
operation, and improved absolute accuracy for l@mm measurements and intercomparisons. On thendyrou
state-of-the-art CAl gravimeters now reach low-ngrabsolute accuracy [10] [11], and gravity-gradében prototypes
achieve differential-acceleration sensitivitiestba order of nano-g/m [12] [13]. In space, wherargum superposition
can be maintained for seconds, far beyond teraddimits, the long-wavelength sensitivity is projed to improve by
several orders of magnitude, surpassing even tstectassical instruments and enhancing observatibmsass-transport
processes linked to climate change.

2.3 Rationalefor a Quantum Pathfinder Mission

Over the last 15 years, massive efforts have breasted in Research & Development (R&D) activitresrder to prepare
the spatialisation of quantum sensors [14] [15]eSéh technological developments were accompaniethrogder

reflections on their use in the frame of scientfffrace missions. Nevertheless, the technologicalritastill remained

insufficient in view of these ambitious objectivaasd deploying a quantum sensor in orbit presegtsfaiant scientific

and engineering challenges. Indeed, to meet thegetit sensitivity required for a space geodesysiois (i.e.

<10 m-s2-Hz*'2) the atom interferometer must operate, in frédewdth interaction times on the order of five sads.

Recent studies and experiments have shown thdtingpihese long interaction times in orbit requittessimplementation
of innovative technological elements (e.g. ultrédcatoms, rotation compensation, dedicated desfgth® satellite

platform) that can only be fully tested in spachefefore, such large scale factor makes a fulloperdnce verification,
including the characterization of ultra-low levestdrbance sources, impossible in ground basedltiesi Besides, the
instrument’s architecture is intrinsically complémyolving high precision laser systems, ultra-higicuum hardware,
and sophisticated control algorithms. Launchingdatly into an operational space geodesy missiorichiigrefore entail
high technical risk, inflated cost, and extendedeflgpment timelines.

In this context, we are developing a Quantum Padefi Mission called CARIOQA. This technology-focdsuaission is
essential to validate the quantum technology intoderisk the system, and pave the way for a bldiacost-effective
operational payload. It will provide a controllethffiorm to validate the instrument’s performanceaitify low level
environmental effects, and refine operational pdoices before committing to a full-scale post-paitiéir deployment.
The Pathfinder thus serves as a risk mitigatiop, asuring that the scientific objectives of thalf use are achievable.
This approach is aligned with the roadmap for aitiins in space recently developed and approveddbyaal scientific
community [16].

3. THE CARIOQA MISSION OVERVIEW
3.1 Mission objectives

The main ambition of the CARIOQA Quantum Pathfinddission is to demonstrate the operation of a quant
accelerometer in space using a simplified payldiats therefore a crucial step that will enable tiadlection of data
necessary for the design of a fully operationatiumaent capable of meeting all the requirements fiibsequent scientific
mission. By validating key technologies in orbhjst Pathfinder mission will significantly reduceettiechnical and
programmatic risks that typically accompany thengition from laboratory prototypes to a flight-rgaslystem, thus
ensuring that the final operational mission candrapleted on time, within budget, ensuring a sigaift scientific return.

Recognizing space geodesy as a key applicationC#&RIOQA mission is organized around five primatyjextives,
which are outlined in Table 1. Each objective cgpands to the demonstration of a specific metrakdgiapability of the
guantum accelerometer. These goals were definelbge consultation with the broader scientific commity to ensure
that the mission delivers maximal data value. Cqueatly, both the instrument architecture and #ielte platform are
engineered expressly to meet every listed objective



Table 1: Primary mission objectives

Mission Objective Description
Functionality Demonstrate the functionality of the instrumentbward the satellite. In
particular, its ability to provide an acceleratimeasurement after a tuning
and characterisation of the instrument in fli

Sensitivity Allow a metrological characterization of the seindlif and stability of the
accelerometric measurement on short time-scakesl@.— 100s) through
dedicated procedu

Accuracy Allow a characterization of the accuracy of thessgrby determining its
bias and measuring their stability over long tincales (> 1000s). Thi
characterization will be achieved by comparisonhwjtrecise orbit
determination (GNSS and/or grot-to-satelite laser ranging

Dynamic range Demonstrate the ability to measure accelerationssehamplitude an
typical variations correspond to the non-gravitadioforces acting on
space geodessatellite

Compatibility Demonstrate the ability to measure in nadir pogtimode in order to alloy
subsequent use of the sensor in the context obgpemdes’

D
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In addition, even if the primary objective of thisission is the technical validation of quantum sessn space, the
CARIOQA mission secondary objectives focuses oargific application to geoscience. First, the CARI® pathfinder
mission shares some conceptual similarities with @HAMP satellite gravimetry mission. Therefora, dtata can be
evaluated for gravimetric field recovery by usingimilar High-Low Satellite-to-Satellite Trackin$ll(-SST) approach.
Second, the CARIOQA mission, as similar missionsigged with accelerometers, can be used to denalénsity of
the upper atmosphere at orbital altitude. Findlig, last secondary objective is to operate theunstnt in a gradiometer
mode in order to demonstrate the ability of theérumeent to perform differential acceleration measwents. This would
ease the definition of future atomic space gradiemastruments.

3.2 Proposed mission scenario

The CARIOQA Pathfinder Mission shall enable to yutharacterize the payload and its capabilitiesisuitable
environment. For this reason, the mission will ia@lemented on board a dedicated satellite platfaims will allow the
satellite design and mission parameters to be @#ulirto best meet the payload requirements. Ingodat, the instrument
will be accommodated at the center of mass (COMhefsatellite and the AOCS system will be choseoptimize the
rejection of rotations and the performance of tierument. In addition, this dedicated mission efiable to choose an
orbit allowing the best characterization of thariasient and to consider maneuvers dedicated taliigration.

The CARIOQA mission scenario is precisely tailotedulfill its primary mission objectives. The agach consists of
mounting a single-axis atomic accelerometer ondicaéed satellite plateform. In nominal operatiting satellite will
adopt a nadir-pointing attitude at an orbital alté of roughly600km, thereby reproducing the environment of a true
space-geodesy mission. The instrument's measureaxéntvill be aligned with the orbital velocity wec, so that the
accelerometer is sensitive to the main non-grawitat forces (principally aerodynamic drag) that ae the platform.
This configuration enables a direct, high-precigietermination of the satellite’s non-gravitationateleration, which is
essential for validating the quantum sensor’s parémce in a realistic geodetic context.

4. PROJECT IMPLEMENTATION STRATEGY
4.1 Overall approach and timeline

The CARIOQA programme is organized as a suite adutar building-blocks, each explicitly designeddokle a distinct
technical or scientific challenge of the overafbef (see Figure 1). Every building-block is constéd as an independent
HorizonEurope project funded by the European Commissicnexecuted by a dedicated consortium that bringesther
the requisite expertise and resources. Oversediagentire effort, CNES and DLR jointly provide pof-wide
coordination to guarantee coherence, integratiod, @nsistency across all activities. The overaghambition is to
prepare the CARIOQA Quantum Pathfinder Missionlémnch within the coming decade.
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Figure 1: CAR/OQA programme imp[émentation

The idea originated in a Phase-0 study carriedaiotly by CNES and DLR between 2019 and 2022 [THat study
materialised at the end of 2022 with the launclheffirst European effort, CARIOQA-PMP. The primanyjective of
CARIOQA-PMP was to develop an initial Engineeringpdiél (EM) of the instrument that will fly on the ssion,
concentrating on hardware development to accel#natenaturation of the quantum technology and riégés€echnology
Readiness Level (TRL). CARIOQA-PMP therefore foausa the instrument payload development. The dibéding
blocks of the CARIOQA programme are tasked with siois-concept development, system architecture, earty
engineering to ready the flight. First, CARIOQA-PH¥as charged with carrying out the full Phase-Agiois study
(feasibility study). Consequently, its scope wasxtamine every aspect required to realise the amsgiutting particular
emphasis on the challenging integration of theimsént onto a satellite platform and its on-oripie@ation. A preliminary
design of the satellite platform has been carriet] fulfilling the mission requirements. The CARIGQEPHA project
concluded in mid-2025. Mission-study activities nosentinue under the subsequent Horizon Europe groje
CARIOQA-PHB, which advances the work into PhBséPreliminary Definition Study) of the CARIOQA nsi®n.
Together, the Horizon Europe projects CARIOQA-PIZRRIOQA-PHA and CARIOQA-PHB involve 17 partnersiino
six EU member states (Germany, ltaly, France, Dekngpain and Greece) and bring together the Edingaacademic

and industrial experts in quantum and space teolies.
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Figure 2: Scope of the CARIOQA-PMP study.
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4.2 Scope of the CARIOQA-PMP study

The primary objective of the CARIOQA-PMP activitiessto deliver an Engineering Model (EM) of the siis payload
as depicted on Figure 2. To this end, the acadpanriners first produced a preliminary mission caicehich informed



an initial definition of the instrument and generha set of specifications for the industrial catisoAn industrial-level
EM of the sensor was subsequently designed, manuéa; and assembled so that it could be testddnitihe scope of
the project. In parallel, a dedicated academic waakkage carries out simulation studies to evaltraecontribution of
guantum sensors to future space-geodesy missibesghbly ensuring that the Pathfinder-grade instramvah be
compatible with the requirements of subsequennséie missions. All outcomes are consolidated iattechnical and
programmatic roadmap that will be disseminateda&eholders through dedicated community forums. fided section
focuses on the development of a functional EM efdhantum accelerometer, which will serve as tlaéopype for the
flight instrument.

5. QUANTUM ACCELEROMETER INSTRUMENT
5.1 Major design tradeoffs

A quantum sensor intended for a future space-ggadession must meet the following key capabilitis: Ultra-sensitive
atomic measurements achieved with long interadtioas. 2 — Full three-axis acceleration sensing H/brid operation
together with a conventional electro-static acasterter. 4 — Gradiometric capability if the missioequires
gravity-gradient observations. In the CARIOQA Pattiér mission, the instrument’s primary objectiséa demonstrate
the ability to deliver ultra-sensitive acceleratimeasurements by exploiting long interaction tinidss capability is the
most critical, and most innovative, technology stitge for a demonstrator mission. The performaatzgathered during
this phase will enable an optimal implementationtte remaining functions (gradiometry, three-axemtion, and
hybridisation) in a subsequent, post-Pathfindesiois Therefore, considering the CARIOQA missiofeotives, several
payload options have been investigated to cope t#hmain challenges presented in Table 1. Seger#d of atomic
source technologies have been compared considéhieiy potential performances with respect to spatem
interferometry, their compatibility with space ajpption, and their TRL. As a result, the utilisatiof a Bose-Einstein
Condensate (BEC) atomic source has been choseeraables a higher mitigation of rotation effeatsl #hen enables to
demonstrate significantly higher instrument perfantes. For producing the BEC, the choice of atoip tgthnology
has been realized as it presents the highest TR&pfice application [18] [19].

5.2 Instrument operating principle and ar chitecture

For CARIOQA, a one-axis quantum accelerometer basadtra-cold Rubidium atoms manipulated by Ratnansitions
will be used. Rubidium atoms are first preparedifiavapor to form a BEC, using an atom-chip. Tleenit cloud is then
moved away from the surface of the chip and collédaszia magnetic lensing. Then, the free-fallingoRlium cloud
successively interacts three times with a unique gfaretro-reflected Raman beams, acting on mati@ves as beam
splitters or mirrors. This creates an interferometé 2T total interaction time in a so-called doeddliffraction
configuration [20]. This interferometer scheme astjgularly adapted to space instruments. Indesdngrtial sensors in
microgravity environments, the Doppler Effect canbe used to select one or the other of the twecéffe Raman
transitions possible in the most common retro-otélé configuration, which is needed for accuradye atomic phase
shift is obtained from the measurement of poputetim each output port of the interferometer, usirfipiorescence or
absorption imaging technique on cameras.

The complete instrument is made up of four subsysteach of which has been developed through aatediindustrial
effort under Airbus Defense and Space (France)dioation. It is made of the following elements:
 The Physics Package, developed by Airbus Defendespace (Germany), forms the instrument’s sensad he
where atoms are cooled, interrogated and detelttbdrnesses signals from the laser system ancomére
source to generate the required magnetic, microwadeoptical fields at the atomic level, and inavgtes a
vacuum system, magnetic shielding, collimatorsisca@in atom chip, detectors and a movable referenicer.
* The Laser System, developed by Exail SAS, provildeslifferent laser beams needed to cool, diffaact detect
the atoms. To achieve that, the lasers need ttabéeshoth in frequency and power, with very actucontrol
of these parameters.
e The Microwave Source, developed by Leonardo, thadyces the radio and microwaves frequencies neteded
adjust the laser frequencies, to perform the mienmwevaporation as well as the master clock ofrtsteument.
e The Instrument Control and Power Unit (ICPU), depeld by Teletel, supplies energy and controls the
instrument by commanding the different measurersequtiences.
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Figure 3: Up - Atomic source preparation at the surface of the atom chip; Bottom — Schematic view of principle of the
atom accelerometer based on atom interferometry.

6. CONCLUSIONSAND OUTLOOK

The CARIOQA Quantum Pathfinder Mission is essential maturing quantum inertial sensors for spacedgsy,
contributing to high-precision monitoring of clineatelated mass redistribution (ice melt, sea-legel groundwater loss).
Demonstrating the technology in orbit will validatee performance, reliability and operational cqriserequired for
accurate gravity measurements. The CARIOQA-PMPeptayill deliver a complete Engineering Model of@d-atom
accelerometer, proving that the laser, ultra-highewim and control subsystems can be industriaily toumeet mission
specifications. Data and lessons learned from the &e fed directly back into the early-stage missidesign,
strengthening the system architecture, requireffi@ntdown and markedly reducing overall risk of gh@ject. To date,
all of the instrument’s subsystems have been dedigind fabricated. The various elements are nomglreiceived and
assembled at the CNES facilities. Following a veasiion phase, the first functional tests of thenptete EM will be
implemented. An extensive characterization of tietrument performance will follow, to ensure thenptiance of the
payload for the future development phases of tresiom.
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