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Abstract:50

We summarize the discussions at a virtual Community Workshop on Cold Atoms in Space concerning51

the status of cold atom technologies, the prospective scientific and societal opportunities offered by52

their deployment in space, and the developments needed before cold atoms could be operated in space.53

The cold atom technologies discussed include atomic clocks, quantum gravimeters and accelerometers,54

and atom interferometers. Prospective applications include metrology, geodesy and measurement of55

terrestrial mass change due, e.g., to climate change, and fundamental science experiments such as tests56

of the Einstein equivalence principle, searches for dark matter, measurements of gravitational waves57

and tests of quantum mechanics. We review the current status of cold atom technologies and outline58

the requirements for their space qualification, including the development paths and the corresponding59

technical milestones, and identifying possible pathfinder missions to pave the way for missions to60

exploit the full potential of cold atoms in space. Finally, we present a first draft of a possible road-61

map for achieving these goals, that we propose for discussion by the interested cold atom, Earth62

observation and other prospective scientific user communities.63
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1 Preface128

This document contains a summary of theCommunity Workshop on Cold Atoms in Space [1]129

that was held virtually on September 23 and 24, 2021. The purpose of this community workshop was130

to discuss objectives for a cold atom quantum technology development programme coordinated at the131

Europe-wide level, and to outline a possible community road-map and milestones to demonstrate the132

readiness of cold atom technologies in space, as proposed in the Voyage 2050 recommendations [2],133

and in synergy with EU programmes.134

The Senior Science Committee (SSC) set up by the ESA Director of Science to advise on the space135

science programme for the period 2030-2050 drew attention to the potential of cold atom technology136

in fundamental physics and planetary science as well as in navigation, timekeeping and Earth Obser-137

vation. The SSC set out a plausible programme of technology development in the Voyage 2050 report138

that would prepare cold atom payloads for evaluation by the ESA science committees on scienti�c139

merit alone, without technical concerns about robustness for the space environment. One aim of the140

workshop in September 2021 was to engage the cold atom community in de�ning possible science141

payloads that might be used to establish a recognised pathway towards the use of cold atoms in the142

ESA science programme.143
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This community workshop brought together representatives of the cold atom, astrophysics, cos-144

mology, fundamental physics and earth observation communities to participate in shaping this devel-145

opment programme. It built upon one organised two years ago [3], which reviewed the landscape of146

present and prospective cold atom experiments in space. Subsequently, several White Papers were147

submitted [4{12] in response to the Voyage 2050 call, which outlined possible ultimate goals and re-148

viewed experiments and technical developments underway that could help pave a way towards these149

goals.150

One of the main goals of this workshop was to prepare a Community road-map supported by151

the cold atom community and the potential user communities interested in its science goals. This152

Community road-map outlines technological milestones and re�nes the interim and long-term scienti�c153

goals.154

Sections 2 to 7 summarise the 2-day Community Workshop, while in Section 8 we outline the155

corresponding Community road-map.156

2 Introduction157

Quantum physics was developed in Europe in the �rst half of the 20th century. In the second half,158

the �rst \quantum revolution" took place and was the engine of the main technological and societal159

transformations in recent decades considering, e.g., solid-state electronics and hence all information160

and computing technologies. It also enabled the space era thanks, e.g., to onboard semiconductor161

technologies (solar cells, avionics, communication systems radars, detectors,etc.). Similarly, the �rst162

half of the 21th century is being deeply impacted by the second \quantum revolution", exploiting163

quantum phenomena so far not applied outside the laboratory: macroscopic quantum coherence,164

superposition, entanglement, etc.165

Atomic quantum sensors are a newly-emerging technology of unparalleled accuracy and precision.166

Spaceborne quantum inertial sensors (e.g., accelerometers, gravimeters, gyroscopes, etc.) are today167

the most advanced sensing technologies that bene�t from this revolution, exploiting matter-wave inter-168

ferometry with Bose-Einstein condensates, using atom clouds cooled below nanoKelvin temperature.169

For example, whereas classical accelerometers su�er from high noise at low frequencies, cold atom in-170

terferometers (CAI) are highly accurate over the entire frequency range and do not need any external171

calibration.172

In the past twenty years, gravimetry missions have demonstrated a unique capability to monitor173

major climate-related changes of the Earth directly from space - quantifying the melt of large glaciers174

and ice sheets, global sea level rise, continental drought, major 
ooding events, and also the e�ects175

of large earthquakes and tsunamis. Adding to fundamental knowledge of the Earth, a quantum176

gravimetry mission for climate will provide essential climate variables (ECVs) of unprecedented quality177

for ground water, mass balance of ice sheets and glaciers, heat and mass transport, as demonstrated178

{ within the limits of past technology { by successful missions like GOCE [13] and GRACE-FO [14].179

A combination of classical sensors with CAI or, at a later stage, a full quantum sensor will bring the180

Quantum Mission for Climate to a sensitivity that will open many applications and satisfy user needs181

with respect to water management and hazard prevention. In this connection, we take special note of182

the adoption of Quantum Technology for Earth Observation by the European Commission, notably183

(but not exclusively) in the Horizon Europe programme, under the thrust of Commissioner T. Breton,184

and of the inclusion of Quantum Technology in the ESA Agenda 2025.185

Quantum Technology on Earth has revolutionised the measurement of time since the �rst atomic186

clocks in the 1950's, and these now provide the fundamental time frame across the globe. In space,187
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atomic clocks have widespread applications such as satellite-based navigation systems (GPS, GALILEO).188

Terrestrial clocks based on atomic transitions are now reaching an uncertainty on the order of 10� 18,189

a level at which a change of height in the Earth's gravitational �eld of 1 cm would be detectable as190

a gravitational redshift. This sensitivity brings both challenges and opportunities. The challenge for191

terrestrial clocks will be that changes in the local gravitational potential, either by human activity or192

by alterations in the local water table will destroy the stability of the clock. This issue will certainly193

drive the siting of such clocks in space, with the implication that space quali�cation of the quantum194

technology will be essential for future development. The availability of such sensitive technology in195

space also o�ers signi�cant opportunities to explore many aspects of fundamental physics.196

Mounted on a space platform in a highly eccentric orbit, a sensitive atomic clock would provide197

an ideal laboratory to test General Relativity beyond current precision as the spacecraft experiences198

varying gravitational potentials around the orbit. This is a test that is at the heart of General199

Relativity and all metric theories of gravitation and space-time.200

Another fundamental aspect of the EEP is the Universality of Free Fall (UFF) tested since the201

days of Galileo with ever increasing accuracy. Quantum gravimetry using atom interferometers in202

space will allow pushing tests of UFF to new frontiers, with the potential of unveiling new physics203

beyond the Standard Model. These experiments represent one of the best ways of exploring the204

unknown theoretical interface between quantum physics and our best-tested theory of gravity, General205

Relativity.206

The deployment of cold atom technology in space will also enable many other sensitive experi-207

ments in fundamental physics, cosmology and astrophysics, such as searches for ultralight dark matter208

particles, measurements of gravitational waves from the mergers of massive black holes and phenomena209

in the early Universe, and ultrasensitive probes of quantum mechanics.210

The commonality of some subsystems between atomic clocks, gravimeters and fundamental physics211

experiments means that a well-planned programme of technical development should lead to the avail-212

ability from space of all these applications in fundamental science, Earth Observation, time keeping213

and navigation.214

3 Atomic Clocks Review215

3.1 Scienti�c and societal opportunities216

3.1.1 Fundamental science217

High-stability and -accuracy atomic clocks combined with state-of-the-art time and frequency links218

can be used to measure tiny variations in the space-time metric and test the validity of the Einstein's219

Equivalence Principle.220

As predicted by General Relativity, gravity in
uences the 
ow of time. When identical clocks221

experiencing a di�erent gravitational potential are compared by exchanging timing signals, a relative222

frequency di�erence proportional to the di�erence of the gravitational potential at the location of the223

clocks can be measured. The e�ect, known as gravitational redshift, has been tested in 2018 to an224

uncertainty of about 2 � 10� 5 [15, 16] by using the clocks on-board the Galileo 5 and 6 satellites. The225

ACES (Atomic Clock Ensemble in Space) mission [17{19] will perform an absolute measurement of the226

redshift e�ect between the PHARAO clock on-board the International Space Station (ISS) and clocks227

on Earth, improving this limit by an order of magnitude. Optical clock missions on highly elliptical228

orbits around the Earth or cruising towards the Sun are expected to improve redshift tests by several229

orders of magnitude and to measure higher-order relativistic e�ects to high precision.230
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Local Lorentz Invariance (LLI) postulates the independence of any local test experiment from231

the velocity of the freely-falling apparatus. Optical clocks can be used to provide very stringent232

test of Lorentz symmetry and the Standard Model Extension (SME) [20]. Distant Sr optical lattice233

clocks compared through optical �bre links have been used to constrain the Robertson-Mansouri-Sexl234

parameter to 1� 10� 8 by searching for daily variations of the relative frequency di�erence [21]. In [22],235

two Yb + clocks con�ned in two traps with quantization axis aligned along non-parallel directions are236

compared while the Earth orbits around the Sun. The absence of frequency modulations at the level237

of 1� 10� 19 made possible an improvement in the limits on the Lorentz symmetry violation parameter238

for electrons.239

Local Position Invariance (LPI) can also be tested by comparing clocks based on di�erent atomic240

transitions. According to LPI, the outcome of any local test experiment is independent of where241

and when it is performed in the Universe. Transition frequencies depend di�erently on the three242

fundamental constants: the �ne structure constant � , the electron massme=� QCD (normalized to the243

QCD scale parameter), and the quark massmq=� QCD . Therefore, comparing atomic clocks based244

on di�erent transitions can be used to constrain the time variation of fundamental constants and245

their couplings to gravity. As an example, the comparison of two171Yb+ clocks based on the electric246

quadrupole and electric octupole transitions and two Cs clocks repeated over several years has recently247

improved the limits on the time variation of the �ne structure constant and of the electron-to-proton248

mass ratio [23]. At the same time, using the annual variation of the Sun's gravitational potential, it249

was possible to constrain the coupling of both constants to gravity.250

Atomic clock networks can also be used to place bounds on Topological Dark Matter (TDM)251

models. TDM can be expressed as a scalar �eld that couples to fundamental constants, thus producing252

variations in the transition frequencies of atomic clocks at its passage. Cross-comparisons between253

atomic clocks connected in a network over large distances can be used to place bounds on the time254

variation of the three fundamental constants and determine exclusion regions for the e�ective energy255

scale (inverse of the coupling strength) of the dark matter �eld as a function of its Compton wavelength256

[24, 25]. Clock networks providing redundant measurements are a powerful tool to control systematic257

e�ects and con�rm any detection above the noise threshold.258

Optical clocks have also been proposed for gravitational wave detection [4, 5, 26]. A pair of259

clocks in drag-free satellites separated by a long-distance baseline share the interrogation laser via260

an optical link. The clocks act as narrow band detectors of the Doppler shift on the laser frequency261

due to the relative velocity between the satellites induced by the incoming gravitational wave. The262

atom interrogation sequence on the clock transition can be controlled, enabling precise tuning of the263

detection window over a wide frequency interval without loss of sensitivity. A frequency range between264

about 10 mHz and 10 Hz can be covered, thus bridging the gap between space-based and terrestrial265

optical interferometers, as discussed in more detail in Section 5.266

3.1.2 Metrology267

The basic `second' in the international system of units SI is the quantity that is �xed with by far the268

lowest uncertainty of all units. This is done by primary frequency standards (laser-cooled Cs fountain269

clocks) operated at the National Metrology Institutes. Global time scales rely on the comparison270

of such high-performance atomic clocks connected in a global network. The Bureau International271

des Poids et Mesures (BIPM) generates the International Atomic Time (TAI) based on the cross-272

comparison of the best primary frequency standards and, more recently, also optical clocks worldwide.273

TAI de�nes the proper time at the geoid and it is a key ingredient for the generation of UTC (Coor-274

dinated Universal Time), recognized today as the o�cial timescale worldwide.275
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Since optical clocks already outperform the primary frequency standards that operate in the mi-276

crowave domain (see Section 3.2), the international metrology community represented by the Comit�e277

International des Poids et Mesures (CIPM) and its committees have devised a road-map for the redef-278

inition of the second. This documents the high priority and strong commitment of a large community279

to the development and operation of optical clocks, with high relevance for society. Such a rede�ni-280

tion will enable a more accurate and stable international timescale [27, 28], which is key for precise281

navigation services via the GNSS network, the synchronization of worldwide exchanges and markets,282

communication networks, and national defence and security.283

The coordination of time requires the permanent comparison and synchronisation of national284

timescales and clocks. With the increasing performance of optical clocks, the demands on the link285

quality are also increasing. Today's microwave links achieve neither the necessary stability nor the286

accuracy required by the new optical clocks [29]. Locally, �bre-optical links can be an alternative [30],287

but a global network is not within reach. Long-distance time and frequency links enabling frequency288

comparisons at the level of 1� 10� 18 are urgently needed. Such links may even be combined by space289

clocks as in the ACES [18] or the proposed Space Optical Clock (SOC) [31] missions. Potentially, a290

space clock can overcome the limitations on the realization of the SI unit second and of timescales291

set by the knowledge of the gravity potential on the ground because TAI and UTC are de�ned on292

the geoid. Ground clocks that are generally not operated on the geoid must be corrected for the293

relativistic red shift. Presently, this correction can only be determined with a fractional uncertainty294

of about 3 � 10� 18, equivalent to 3 cm height [32], which is already larger than the uncertainty of295

today's optical clocks (see Section 3.2.1).296

3.1.3 Earth observation & geodesy297

In view of climate change and its consequences for society, Earth observation and geodesy are of298

increasing importance. While highly accurate geometric reference frames based on GNSS or VLBI299

exist, physical height reference systems related to the geoid and the 
ow of water are much less300

accurate and fall behind the requirements set by a UN resolution for sustainable development [33] by301

more than an order of magnitude.302

Presently, physical heights are locally derived by spirit levelling tied to reference points such as tide303

gauges or global observations from satellite missions like CHAMP [34], GOCE [13], GRACE [35], and304

GRACE-FO [14]. Although these missions were and are very successful, they lack spatial resolution305

and require considerable data processing, because the sensors are only sensitive to derivatives of the306

gravity potential. With clocks at a fractional uncertainty level of 10 � 18, we now have sensors at hand307

that are directly sensitive to the gravity potential via the relativistic redshift. Therefore, we have an308

opportunity to establish a novel technique to realize a height reference system by a network of optical309

clocks from which the physical height di�erences at the respective locations can be derived.310

Present clock performance already provides a height resolution better than the current geodetic311

state-of-the-art [32], and is likely to reach the millimetre level within the next decade. It is essential to312

establish links for cross-comparisons of optical clocks that are 
exibly accessible and span the globe.313

Satellite-based approaches ful�ll these requirements in an ideal fashion. While satellite-mediated314

ground-to-ground links with improved performance compared to, e.g., ACES, will enable a fast devel-315

opment of this �eld of application, clocks operated in space and linked to the ground can provide even316

more bene�ts. They will improve the products from GRACE-like missions and can ultimately serve317

as an independent, long-term stable and reproducible height reference point for decades and centuries318

of Earth monitoring.319
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3.2 Clocks: state-of-the art320

3.2.1 Lab-based clocks321

Figure 1 shows the historical progress of state-of-the-art laboratory atomic clocks. Caesium (Cs)322

microwave atomic clocks have been the primary standard for the SI second since 1967, which has helped323

to motivate the development of several generations of Cs clocks with reduced fractional frequency324

errors. However, in recent years optical atomic clock technology has matured signi�cantly: the best325

optical atomic clocks now surpass Cs in relative accuracy by a factor of more than 100. The �eld326

of optical clocks encompasses a diverse range of trapped-ion clocks and optical lattice clocks, each327

with distinct merits. However, optical lattice clocks have the key advantage of using many atoms in328

parallel, resulting in greater frequency stability and therefore allowing high-precision measurements329

within a signi�cantly shorter averaging time [36, 37].330

Figure 1 . Progress in the relative accuracy of atomic clocks. Cs microwave clocks have steadily improved
since the emergence of laser-cooled fountain clocks in the early 1990s [38{40], but two distinct types of optical
clock currently compete at a fractional frequency uncertainty of approximately 1 � 10� 18 : trapped-ion clocks
(Yb + [22], Al+ [41], Hg+ [42], Sr+ [43], Ca+ [44]) and optical lattice clocks (Sr [45], Yb [46], Hg [47], Cd [48]).

To verify the 10� 18 relative accuracy of the best optical clocks, and to pursue some of the scienti�c331

opportunities discussed in Section 3.1, it is important to compare di�erent clocks of comparable332

precision with each other. Local measurements of optical clocks within a single laboratory have333

been used to measure general relativistic redshifts down to the millimeter scale [49] and to search334

for possible variations in local physics induced by dark matter [50{52]. Distant comparisons between335

clocks in separate laboratories allow large numbers of independent clocks to be included, but must be336

mediated by a complex frequency link infrastructure. The longest distances are spanned by satellite337

links, which allow comparison at 10� 16 fractional frequency uncertainty [29]. However, much higher338

precision at the 10� 18 level can be carried out over shorter distances using terrestrial links, either with339

free-space lasers [53] or telecoms-wavelength lasers sent through optical �bres [30, 54, 55]. The most340

extensive optical �bre network is operated between European metrology institutes [30], across which341
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several clocks have been compared to search for physics beyond the Standard Model (see Section 3.1.1)342

[21, 56].343

The development of laboratory atomic clocks is fuelled by a broad community, which spans univer-344

sities, industry and several National Metrology Institutes. Optical lattice clocks are now particularly345

widespread, with more than a dozen strontium (Sr) [54, 57{69] and some ytterbium (Yb) [69{73] clock346

laboratories in operation worldwide 1. The commitment of the metrology community to continue347

investing in optical clocks is highlighted by the CIPM road-map for an optical rede�nition of the SI348

second (see Section 3.1.2). The road-map mandates a research programme likely to span at least the349

next decade, in which several optical clocks will be developed at 1� 10� 18 relative accuracy and vali-350

dated through clock-clock measurements. To carry out such measurements, the priority of the optical351

clock community will be to develop cold atom technology with higher technology readiness levels, ca-352

pable of combining state-of-the-art accuracy with robust, long-term operation|an investment which353

should have close synergies with a future programme for cold atoms in space.354

3.2.2 Transportable clocks355

Early in the development of optical frequency standards it was recognized that mobile devices (see,356

e.g., [74]) enable applications (see Section 3.1) of clocks that are impractical if the availability of clocks357

is restricted to only a few laboratories. The required engineering to develop delicate laboratory systems358

into robust mobile devices also opens the door to commercialization and space applications of clocks.359

While there have been several impressive demonstrations of compact optical frequency standards with360

high performance [75, 76], we focus here on activities that target a clock performance similar to the361

state-of-the-art of laboratory setups (see Section 3.2.1).362

To maintain the outstanding frequency stability of optical clocks, ultra-stable interrogation lasers363

are required. For reasons of seismic and thermal insulation, these are typically neither robust nor364

compact. Therefore, the further development of these devices was identi�ed by the community as an365

important challenge [77{79] and supported, e.g., by ESA activities [80{82] and is { with demonstrated366

fractional frequency instabilities signi�cantly below 10 � 15 { on a good path. As ultra-stable laser367

systems have numerous applications beyond optical frequency standards, e.g., in atom interferome-368

try, ultra-stable microwave generation, or optical telecommunication, the continued support of these369

activities is of high importance.370

The realization of a full transportable optical clock requires more lasers and a complex physics371

package, and thus poses a larger challenge. Nevertheless, several such systems working with neutral372

atoms [83{85] or single ions [44] have been realized, which already outperform the most accurate373

microwave standards. These setups are developed for space applications [31], and have been used in374

a geodetic context [86, 87] or to test fundamental aspects of physics [88]. We therefore conclude that375

the construction and reliable operation of optical clocks with fractional uncertainties of 1� 10� 17 and376

below and compact dimensions of less than 1 m3 is already possible today.377

3.2.3 Free space-time and frequency links378

Connecting (optical) atomic clocks worldwide lays the basis for applications such as the creation of379

TAI or a Positioning, Navigation and Timing (PNT) standard, and would also open the route to380

testing theories of fundamental physics (see Sections 3.1 and 3.3).381

Currently, primary microwave clocks are connected via satellites [29] in the microwave domain by382

the existing GNSS infrastructure [89] or dedicated two-way time and frequency transfer (TWTFT)383

1 Importantly, these optical lattice clocks use the same Sr and Yb technology as proposed for atom-interferometer
science missions such as AEDGE [5].
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links [90{92]. Demonstrated frequency transfer uncertainties of existing microwave links (MWLs) reach384

down to the 10� 16 range after averaging times of weeks [89, 93] and demonstrated time transfer uncer-385

tainties lie in the nanosecond region [92]. A new generation of MWL equipment is under development386

[18, 94], which reaches in laboratory tests timing instabilities of< 100 fs for averaging times� = 10 s to387

2000 s [18], which is equivalent to fractional frequency transfer uncertainties of< 5 � 10� 17 at 2000 s.388

Similar performances are achieved in the optical domain by Time Transfer by Laser Link (T2L2) [95]389

and the European Laser Timing (ELT) experiment [96] employing time-of-arrival measurements of390

laser pulses.391

A signi�cantly improved uncertainty is achieved by techniques exploiting the optical carrier. Op-392

tical frequency dissemination using continuous wave laser signals [97] reaches fractional frequency393

transfer instabilities < 5 � 10� 19 already after 100 s of averaging time in path-length stabilized oper-394

ation [98]. A team at NIST has developed an optical TWTFT (OTWTFT) technique [53] combining395

carrier and time-of-
ight information, allowing phase-coherent averaging over the signal dropouts396

that occur inevitably due to atmospheric turbulence [99]. Using this technique, the NIST team has397

demonstrated sub-10� 18 frequency transfer uncertainty and sub-1 fs timing uncertainty at an av-398

eraging time of 1000 s in a 3-node network of two concatenated 14 km links [100]. Furthermore,399

they demonstrated OTWTFT to a 
ying drone with similar performance [101]. Despite the proven400

performance, however, the remaining steps to achieve ground-to-satellite world-wide coverage remain401

challenging: demonstrate techniques for higher relative speeds between sender and receiver (such as402

in ground-to-satellite links), in terms of impact of the atmospheric turbulence, signal loss, potential403

loss of reciprocity and inclusion of relativistic e�ects. Recently, a �rst study addressed this scaling404

to ground-to-satellite connections [102] and came to a positive conclusion regarding the feasibility.405

Nevertheless, further experimental evidence gradually approaching the long-term ground-to-satellite406

goal is required. Synergies can be expected with the proposed combination of microwave and optical407

links in the context of new GNSS constellations [103].408

3.3 International space activities409

Space is the ideal laboratory to test general relativity and alternative theories of gravitation with410

atomic clocks. The large velocities and velocity variations, the access to large variations of the grav-411

itational potential, and the possibility to establish a global network able to compare ground clocks412

across continents from space provide new opportunities both for fundamental physics research and413

for applications in other areas of research, such as clock synchronization and time-scale distribution,414

geodesy, Earth observation, navigation, etc., as discussed elsewhere in this survey.415

ACES (Atomic Clock Ensemble in Space) [18] is an ESA mission designed to operate on the416

International Space Station. The two on-board clocks rely on atomic transitions in the microwave417

domain. The PHARAO clock, a primary frequency standard based on laser cooled Cs atoms, provides418

the ACES clock signal with a long-term stability and accuracy of 1� 10� 16 in fractional frequency;419

the active H-maser SHM is the on-board 
ywheel oscillator that will be used for the characterization420

of the PHARAO accuracy. The ACES clock signal is distributed to ground clocks by using two time421

and frequency links: MWL is a link in the microwave domain; ELT is an optical link using short422

laser pulses to exchange timing signals. A distributed network of MWL ground terminals will connect423

the clocks operated in the best research institutes worldwide (SYRTE, PTB, NPL and Wettzell in424

Europe, NIST and JPL in the US, NICT in Japan) to the ACES clock signal. Satellite laser ranging425

stations will also be connected to the clock network by using the ELT optical link. The space-to-426

ground clock de-synchronization measurement produced by MWL and ELT will be used to perform an427

absolute measurement of the gravitational redshift in the �eld of the Earth to < 2 ppm, to probe time428
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