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Atomic Clock Ensemble in Space
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ACES mission concept
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Fundamental physics tests

ACES Mission 
Objectives ACES specified performance Scientific background and recent results

Fundamental physics tests

Measurement 
of the 

gravitational 
red shift

Absolute measurement of the 
gravitational red-shift at a precision < 
50 ∙ 10-6 after 300 s and < 2 ∙ 10-6 after 
10 days of integration time. 

ACES will yield an improvement of a factor 
70 over the GPA experiment and a factor 10 
over recent tests involving Galileo 5 and 6 
satellites.

Search for time 
drifts of 

fundamental 
constants

Time variations of the fine structure 
constant α at a precision level of

α -1 ⋅ dα / dt < 1⋅10-17 yr -1

down to 3⋅10-18 yr -1 in case of a 
mission duration of 3 years.

The α drift has been constrained to 1⋅10-18

yr -1 based on a comparison of the electric 
quadrupole and octupole transition 
frequencies in 171Yb+. ACES will perform 
crossed comparisons of clocks based on 
different atomic elements on a worldwide 
scale thus constraining the time drift of α, 
me/ΛQCD and mq/ΛQCD. 

Search for 
violations of 

special 
relativity

Search for anisotropies of the speed of 
light at the level δ c / c < 10-10.

ACES results will improve present limits on 
the RMS parameter α based on GPS 
satellites by one order magnitude. Best 
limits today are reaching δ c / c < 2.6⋅10-11, a 
factor 4 better than the ACES results.
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Fundamental physics tests

ACES Mission 
Objectives ACES specified performance Scientific background and recent results

Fundamental physics tests

Dark matter 
search with 

atomic clocks

Establish bounds on topological dark 
matter models based on the 
comparisons of clocks in the ACES 
network.

The ACES network can ensure comparisons 
of atomic clocks based on different atomic 
transitions down to 1⋅10-17.
Limits on variations for each of the three 
fundamental constants can be established 
thus testing different terms in the model 
Lagrangian and imposing limits on the three 
energy scales Λ𝛼𝛼, Λ𝑒𝑒, and Λ𝑞𝑞.
Clock comparisons can be performed 
continuously on 20 d intervals thanks to the 
ACES MWL thus extending the analysis on 
the interval Τ between encounters by one 
order of magnitude.

Note: Currently under investigation.



ESA UNCLASSIFIED - For Official Use L. Cacciapuoti | NASA Clocks in Space Workshop| 17/06/2021 | Slide  6

Applications

o Differential geopotential measurements to 10 cm resolution over the geoid.
o Clock comparisons over intercontinental distances: 10-17 in less than 1 week.
o Absolute time transfer and time synchronization of remote clocks: 100 ps via MWL and 50 ps via ELT .
o Universal time scales: UTC, TAI…
o Ranging: optical vs microwave and 1-way vs 2-way.
o Atmospheric propagation delays: optical and microwave.
o Monitoring of clocks in the GNSS network (GPS and Galileo) + test bed for technology towards future GNSS 

systems.
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Volume: 1172x867x1246 mm3

Mass: 240 kg (w/o CEPA)
Power: 600 W

The ACES payload

o PHARAO (CNES): Atomic clock based on laser 
cooled Cs atoms

o SHM: Active hydrogen maser 
o FCDP: Frequency comparison and distribution
o MWL: T&F transfer link
o GNSS receiver
o ELT: Optical link
o Support subsystems

• XPLC: External PL computer
• PDU: Power distribution unit, 
• Mechanical, thermal subsystems
• CEPA: Columbus External PL Adapter
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PHARAO FM
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PHARAO stability

PHARAO accuracy
• on ground: 1-2⋅10-15

• in space: 1-2⋅10-16
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SHM: An active H-maser for space

o SHM role in ACES
• ACES flywheel oscillator
• PHARAO characterization

o Technical challenges
• Low mass, volume, and power consumption
• Full performances: 
o 1.5⋅10-13 @ 1 s
o 1.5⋅10-15 @ 104 s

• Design solution: Full size Al cavity and 
Automatic Cavity Tuning System (ACT)

Volume: 390x390x590 mm3

Mass: 42 kg
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SHM stability

SHM frequency stability before and after degaussing.
SHM degaussing works correctly, improving the atomic signal and the magnetic field homogeneity.
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MWL
o Two-way link:

• Removal of the troposphere time delay (8.3-103 ns)
• Removal of 1st order Doppler effect
• Removal of instrumental delays and common mode effects

o Additional down-link in the S-band:
• Determination of the ionosphere TEC
• Correction of the ionosphere time delay (0.3-40 ns in S-band, 

6-810 ps in Ku-band)
o Phase PN code modulation: Removal of 2π phase ambiguity
o High chip rate (100 MChip/s) on the code:

• Higher resolution

• Multipath suppression 
o Carrier and code phase measurements (1 per second) 
o Data link: 2 kBits/s on the S-band down-link to obtain clock 

comparison results in real time
o Up to 4 simultaneous space-to-ground clock comparisons
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MWL noise floor

o Time deviation of code (CO) and carrier (CA) 
phase measurements at the MLW flight 
segment  (FS) and ground terminal (GT) 
electronics. 

o The test is performed in end-to-end 
configuration under static conditions (no 
signal dynamics).
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ACES Integrated System Tests (IST)
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The ACES clock signal

PHARAO accuracy ~1⋅10-16

o The ACES clock signal (red curve) combines the good short-to-medium term frequency stability of the active H-
maser SHM with the long term stability and accuracy of the Cs clock PHARAO.

o Two servo-loops control the clocks with two different time constants: the short-term servo-loop (PLL) steers 
PHARAO local oscillator on SHM (1-2 s time constant); the long-term servo-loop (FLL) corrects SHM against 
long term drifts (100-500 s time constant).
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Short-term servo loop
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Allan deviation and phase noise PSD 
of the FCDP phase comparator 
measurements:
o The short-term servo-loop is closed. 
o The servo-bump shows a loop time 

constant (𝜏𝜏) of a few seconds.
o For integration times smaller than 𝜏𝜏, 

the Allan deviation plots show the 
combined stability of PHARAO 
USO and SHM. 

o For integration times longer than τ , 
the PLL steers the PHARAO USO 
on the SHM clock signal and the 
typical 1/𝜏𝜏 (white phase noise) 
slope can be observed.

o When increasing the proportional 
gain, the PLL starts oscillating and 
the servo bump becomes well 
visible.
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Long-term servo loop
Allan deviation and phase noise PSD of the PHARAO Detsynch
measurements:
o ACES is operated in nominal mode, with the short-term and long-term 

servo loops closed. 
o The servo-bump shows a long-term servo-loop time constant (𝜏𝜏) of a 

few hundred seconds.
o For integration times longer than 𝜏𝜏 , the frequency locked loop steers 

the SHM to follow the PHARAO clock signal and the typical 1/𝜏𝜏 (white 
phase noise) slope can be observed.

o Robust operation was observed.
o The lines appearing in the PSD plot need to be investigated.
o Analysis of ACES performance (nominal mode) in the presence of both 

magnetic field perturbations (mimicking the Earth magnetic field along 
the orbit) and temperature variations is ongoing.
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Way-forward to the ACES launch
o The payload was expected to be launched to the ISS in 2022.
o The last Integrated System Tests (IST) unfortunately revealed 3 major anomalies which will require resolution:

• Temperature dependence of the PHARAO pump power at detection.
Solution: ACES and PHARAO temperature control to be optimized.

• Degradation of the SHM inner vacuum.
Solution: SHM getters will have to be replaced and activated; SHM storage time under air to be reduced. 

• On-board phase comparator FCDP sensitive to AM/PM conversion effects.
Solution: Tuning of the FCDP hardware or calibration and correction of the effect. 

o The anomalies will require further investigations. Their resolution will introduce major delays that at the moment 
are difficult to evaluate. 

o MWL FM acceptance tests to be completed.
o The ACES schedule and launch date are currently being consolidated.
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I-SOC Pathfinder
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Why from I-SOC to I-SOC Pathfinder?
I-SOC Pathfinder is an optimized payload conceived to:
o Minimize the mission costs;
o Maximize the scientific return;
o Provide means to validate in space the T&F link technology for future optical clock missions;
o Continue exploiting the ground infrastructure already developed for the ACES mission thus providing means for 

connecting the best clocks worldwide in a global network.

From I-SOC to I-SOC Pathfinder:
o Optical frequency reference (Sr clock laser) and femto-second frequency comb generator replaced by an 

ultrastable microwave frequency reference (H-maser). The microwave USO is a high TRL instrument already 
flown. 

o High cost and low TRL Sr optical lattice clock physics package de-scoped.

… at the expenses of:
o Clock redshift test in the gravitational field of the Earth.
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I-SOC Pathfinder scientific objectives
Fundamental physics tests
#PSO-01 Measurement of the Sun gravitational time dilation (red-shift) effect to a fractional uncertainty of 2.5⋅10-5. 
#PSO-02 Measurement of the Moon gravitational time dilation (red-shift) effect to a fractional uncertainty of 4⋅10-3. 
#PSO-03 Enabling world-wide searches for time variation of fundamental constants and tests of the Standard Model 

Extension. 

Clock Comparisons and International Atomic Time Scales 
#PSO-04 Contribution to the realization of atomic time scales to fractional frequency inaccuracy lower than 1⋅10-18 and 

synchronized to the few ps level. 

Geodesy
#PSO-05 Enable mapping of the geopotential on the land masses of North America, South America, Africa, Europe, 

Asia, Australia, with approximately 300 km×300 km grid size using transportable 1⋅10-18 clocks, with a 
resolution of 0.15 m2/s2 (1.5 cm on the differential geoid height). 

#PSO-06 Inter- and intracontinental differential geopotential measurements with resolution in the gravitational potential 
U at the level down to 0.05 m2/s2 (0.5 cm on the differential geoid height). 

(Note) More than a factor 10 improvement with respect to ACES due to the improved stability and accuracy of the I-
SOC Pathfinder microwave link.
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Measurement concept
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I-SOC Pathfinder mission concept
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Clocks and links performance



ESA UNCLASSIFIED - For Official Use L. Cacciapuoti | NASA Clocks in Space Workshop| 17/06/2021 | Slide  25

I-SOC PF status
Ultra-stable Oscillator (USO)
o H-maser developed for the MILLIMETRON mission (next-generation of space-VLBI observatory).  
o Based on the space H-maser VCH1010 already flown on RADIOASTRON (2011-2019).
o Commercial product from VREMYA-CH (RU) with FM maturity. Similar performance as the ACES SHM 

at a very competitive cost (see below).

Microwave Link (MWL)
o Upgraded version of the ACES MWL (HERO) is being developed by TAS-I under ESA CTP program.
o A EBB model of the end-to-end link has been completed; performance tests will follow shortly.
o Follow-on activity (EM grade hardware) proposed under NAV, but currently uncertain.
o HERO FM is based on TAS-I transponders, which have already achieved TRL 9 in the JUNO and 

BepiColombo missions.

European Laser Timing+ (ELT+)
o Same SPAD detector as ACES: The detector has completed the qualification tests and it has now 

reached FM maturity.
o EBB of the upgraded time tagging unit already built and tested. Performance in spec.  

System
o I-SOC Pathfinder industrial phase A/B not started yet.
o The project on hold, waiting for the Programme Board decision on its continuation. 
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Thanks for your attention
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Atomic Clock Ensemble in Space

Backup slides
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The ACES scientific collaboration

The ACES data and science ground segment

Wettzell (primary station), Graz, Herstmonceaux, Potsdam, 
and Zimmerwald SLR stations already calibrated.

Worldwide network of MWL GTs and 
metrology institutes

ACES tracking request in preparation ILRS
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