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CASPA-ADM stands for Cold Atom Space Payload - Atmospheric Drag Mission

The 7-month study was supported by the ESA contract ESA RFP/3-16170/19/NL/FF/ab. 

The objectives of the study were to 
• identify a science case that can be addressed by an accelerometer based on cold-

atom interferometer (CAI) technology
• develop the minimum viable mission concept for that science case

As CAI accelerometers have not yet been flown in space, CASPA-ADM would also serve a 
technology demonstrator from which, e.g., future gravity missions could benefit.
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In t roduct ion

The thermosphere
• Region between 90 and 1000 km altitude
• Characterized by large temperature variations
• Highly driven system

• Solar flux
• Geomagnetic activity
• Gravity waves

Orbit prediction for active satellites and space debris
• Drag is dominant force and largest source of 

uncertainty below 600 km
• Lifetime predictions, collision risk 

assessment/avoidance

Source: Doornbos (2011)
High-resolution, in-situ observations of thermosphere density
• 1970s and 1980s à Atmospheric Explorer missions
• Since 2000 à Missions of opportunity
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Sampling from missions of 
opportunity is incomplete

• Most observations are at 
altitudes of 420–520 km

• Limited number of 
observations at altitudes 
below 420 km at medium–
high solar activity (indicated 
by the F10.7 index)

• GOCE collected observations 
only in dusk/dawn sector

• Hardly any observations with 
full local time sampling at 
altitudes below 320 km 

Densi ty  observat ions  s ince  2000

high

medium
low

Solar activity
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Densi ty  observat ions  s ince  2000

CHAMP, GRACE, Swarm C, GRACE-FO

GOCE

Sampling from missions of 
opportunity is incomplete

• This graph represents the 
same information as on the 
previous slide, but as a 
histogram of the number of 
observations per bin of 1 km 
altitude

• Most observations are 
concentrated at altitudes of 
420–520 km

• GOCE is represented in a 
different color due to its 
limited local time coverage

Source: Bruinsma et al. (2021) Page 5



Miss ions  of  oppor tuni ty  – loca l  t ime

Swarm satellites
360° = 24 hours local time in 9 months

GRACE, GRACE-FO

Swarm B

Swarm A, Swarm CCHAMP

The missions of opportunity fly in near-polar orbits, which results in a 
very slow precession of the orbital planes. Hence, 8–11 months are 
needed to visit all local times.

“hours/month”

Precession of orbital planes

Source: ESA/ATG media lab
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Miss ion object ives

Fill the present gap in density observations
1. Region below 400 km altitude
2. Fast LTAN progression
3. Medium-high solar activity

Mission concept
• 16U CubeSat
• 40 U2 solar arrays
• Approximate initial altitude 400 km
• 40° – 76° inclination
• Approximate launch window 2022 – 2028

Note:
1 U = 10 cm x 10 cm x 10 cm
1 U2 = 10 cm x 10 cm

Demonstrate CAI technology with a science case
1. VerificaWon of gas-surface interacWon models
2. ObservaWon of atmospheric waves
3. Observe cross-track acceleraWons (secondary)

Scientific objectives require a measurement accuracy of 1% for mass density
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Orbi t  se lect ion
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Geographic 
coverage

Local time 
sampling

15 kg

Inclination 51°

Time required to complete
full local time coverage 25 kg

A 16 U CubeSat with a mass of 15–25 kg launched at 400 km 
altitude is expected to remain in orbit for 8–15 months at 
average solar activity.

An inclination of 51° is compatible with a launch from the ISS 
and would enable full local time coverage at least four times.

The target inclination in the range  of 40° – 76°
guarantees one full local time coverage every 
1.6–4 months.

The inclination range is selected to achieve full 
local time sampling at least twice within the 
mission lifetime.
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Observ ing mass densi ty
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Random (thermal)
velocity of atoms

Star sensor

Position of atom cloud with 
respect to satellite centre of mass
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Accurately known
• GNSS receiver
• Earth rotation rate

Needs to be measured
• Need component

into direction of vrel
• Ram wind sensor

2. The acceleration due to radiation pressure needs to be modelled and removed.
3. The magnitude of the velocity of the spacecraft relative to the atmosphere needs 

to be known, which includes wind to be measured by a ram wind sensor.
4. The CAI accelerometer will measure the acceleration along the single laser axis, 

which is roughly aligned with the flight direction. Thus, we need to project the 
aerodynamic acceleration onto this direction (unit vector uCAI).

1.

2.

3.

4.

Outline of processing
1. As it will be difficult to accommodate the CAI accelerometer     

in the small satellite, the atom cloud is likely not in the    
satellite center of mass. Hence, the measured accelerations 
need to be corrected for gravity gradient and rotational effects.
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Observ ing mass densi ty

The x-component of the aerodynamic coefficient (Cx) as a function of attack and sideslip angles, illustrated in the 
right panel. Starting from angles of 0°, the Cx coefficient increases for attack and sideslip angles up to 40° and 25°, 
respectively, as the cross-sectional area exposed to the atmospheric flow increases. Thus, flying at a small angle 
with respect to the atmospheric flow increases the signal to be measured by the CAI accelerometer. However, the 
ram wind sensor will then measure the wind into the wrong direction. It was estimated that deviations of the laser 
axis from the direction of the relative atmospheric flow up to 12° are acceptable.
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Scient i f ic  pay load

CAI accelerometer Signal range 0.03–11.8 μm/s2 within 300–400 km alWtude
• Measure non-gravitaWonal acceleraWon Noise level 0.01 μm/s2 / sqrt(Hz)

GPS receiver MulW-frequency measurements
• GeolocaWon of measurements 12+ channels
• ValidaWon of CAI measurements Code and carrier phase observaWons part of telemetry

Neutral mass spectrometer Mass range 4–32 amu
• Measure atmospheric composiWon and temperature ComposiWon accuracy 10% (1 σ)

Temperature accuracy 3% (1 σ)

Star cameras
• OrientaWon of measurements/aerodynamic coefficient Accuracy 50” (1 σ)
• CorrecWon for effects due to measuring in rotaWng frame

Ram wind sensor Alignment with relaWve velocity direcWon within ±12°
Measure in-track wind Range < 2000 m/s

Accuracy 40 m/s (1 σ)

Instrument and purpose Signal range and required accuracy
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Volume of CAI accelerometer  à minimum 16 U CubeSat
• 3 U for CAI laser and control system
• 8 U for CAI physics package

Average power load on system  à 40 U solar arrays
• 80 W average load during CAI accelerometer operations
• 5 W average load when CAI accelerometer is idle
• 6 orbits required to charge batteries assuming 40 U solar arrays area

Intermittent operation of CAI instrument  à to save power
• One shot every 2.5 s (more than 1 s dead time between shots to reduce power load)
• Operate CAI accelerometer 2–3 times for at least for 1.5 orbital revolutions every day

Satellite operations
• Roll the satellite towards the Sun to maintain pointing of laser axis and maximize power
• Other instruments are operated without interruption (including mass spectrometer and GNSS receiver)

CAI  acce lerometer
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CAI  acce lerometer
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The figure shows the measurement accuracy 
projected from the commonly achieved 
performance in research labs taking into account
• contrast loss due to satellite rotacon
• atom loss due to non-zero temperature

An accuracy of 20 nm/s2 per shot is achieved for 
an interrogacon cme of 56 ms when atoms are 
cooled to 2 μK, which can be achieved with the 
(relacve simple) molasses cooling

Averaging over 4 shots within 10 s (one shot 
every 2.5 s) results in a precision of 10 nm/s2. The 
cme per shot takes into account
• atom preparacon cme
• addiconal dead cme of 1.2 s to limit the 

power consumpcon

20 nm/s2 per shot

Effect of longer 
integration time Contrast loss and 

temperature



CAI  acce lerometer
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Accuracy defining parameter Value
Starting atoms (in MOT) 2 × 108

Atom temperature 2 𝜇Κ
Atoms detected 2 × 106

Time between interferometer measurements 2.5 s
Averaging time 10 s
Shot noise 2 × 10−8  m/s2

Noise after averaging 1 × 10−8  m/s2

Other noise sources Mitigation strategy

Vibration Minimise moving parts, model full system, consider hybrid sensor

Magnetic fields Passive shields, detailed model, consider active shielding

Instrumental noise Careful design and accounting for systematics

Model of the vacuum 
chamber with the 
atom chip



Scient i f ic  pay load opt ions
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The picture below show a selection of the options that have been considered during the development of the 
mission concept as options for the scientific payload. The focus was on selecting existing solutions.



Science  object ives  (SO)

Fill observational gap in the altitude range of 300–400 km at medium/high solar activity

Primary science objectives
SO1: Verification of gas-surface interaction models
SO2: Observation of atmospheric waves

Secondary science objective
SO3: Observe cross-track accelerations (requires attitude manoeuvre)

Scientific objectives require an accuracy of 1% for mass density observations
and simultaneous observation of atmospheric composition and temperature
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SO1:  Gas-sur face  in teract ion models
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Source: Walker et al. (2014) Source: Pilinski et al. (2010)

Modes of reflection of particles Particle-surface energy exchange 

Even though significant advancements were achieved in the past decade, the accurate modelling of aerodynamic 
forces remains a challenge and uncertainties on the order of 10% are no uncommon. The combination of the CAI 
accelerometer and the mass spectrometer measurements will allow to verify model assumptions, e.g. on the 
angular distribution of the reflected particle (left panel) and the amount of energy exchanged between incident 
particles and the satellite surfaces (right panel), and consequently reduce the uncertainties in the modelling. 



SO1:  Gas-sur face  in teract ion models
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Sources: Sentman (1961), Doornbos (2011), Walker et al. (2014)

Diffuse reflection with incomplete accommodation (DRIA)

Ratio of re-emitted 
and incident velocity

Energy accommodation coefficient 
(function of number density of oxygen)

Size and shape of the satellite
Atmospheric composi0on and temperature

Example for the modelling a fully diffuse reflection with an incomplete accommodation of the kinetic energy of 
incident particles. This type of modelling is suitable for the altitude range from about 150 km, where free 
molecular flow begins, to about 400–500 km, where the number density of atomic Oxygen decreases to a level at 
which different model assumptions may be more appropriate. Page 18



SO1:  Gas-sur face  in teract ion models

Source: March (2020)

• The graph shows the average ratio of 
model and oberserved density of the 
CHAMP and GRACE missions in 2003–
2004, when solar activity was high, 
for various gas-surface interaction 
model assumptions

• Even though a variable energy 
accommodation is expected in reality, 
a constant energy accommodation 
coefficient, derived from analysis of 
density and wind observations during 
satellite maneuvers, gives density 
observations that are more consistent 
between missions

• This demonstrates that variable 
energy accommodation models need 
to be improved

Highest consistency between GRACE and CHAMP 
for a constant energy accomodation coefficient
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The following three slides present examples of atmospheric waves that CASPA-ADM would 
be able to detect.

Note that the magnitude of the atmospheric waves is on the order of a few percent of the 
density, which gives further justification of the requirement to observe density with an 
accuracy of 1%. 

SO2:  Observ ing a tmospher ic  waves
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SO2:  Observ ing a tmospher ic  waves

Atmospheric tides
• Observed by the SABER instrument on board the TIMED satellite (radiometry)
• Observed by the GOCE satellite (accelerometry)

Subharmonic index
Zonal wave numberEarth rotation rate

Longitude

Westward Eastward

Page 21

Source: Gasperini et al. (2018)



SO2:  Observ ing a tmospher ic  waves

Source: Trinh et al. (2018)

SABER observation at 30 km altitude SABER observation at 75 km altitude GOCE observation at 250 km altitude 

Gravity wave hotspot

Gravity waves
• Observed by the SABER instrument on board the TIMED satellite (radiometry)
• Observed by the GOCE satellite (accelerometry)

0.3% 1.6%
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SO2:  Observ ing a tmospher ic  waves

Source: Park et al. (2014)

Gravity waves
• Observed by the CHAMP satellite (accelerometry)
• Magnitude is a few percent of the density
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SO2:  Observ ing a tmospher ic  waves

Source: Liu et al. (2007)

Equatorial mass anomaly
• Observed by the CHAMP satellite (accelerometry)
• Coupled to equatorial ionization anomaly
• Magnitude of a few percent

Mass density

Electron density
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SO3:  Observ ing cross- t rack  acce lera t ion

Source: Visser and van den IJssel (2016)

Estimation of accelerometer biases via POD
• Example: GOCE mission
• Estimated bias consists of

• Trend (aging of accelerometers?)
• Random noise (measurement noise of 

accelerometers and GPS receiver?)
• Annual variations (force model errors?)

Clarifying the source of systematic variations observed 
in estimated biases will help to improve observations 
of the missions of opportunity.

To investigate the cross-track biases, the satellite 
would need to fly “sideways” as the CAI accelerometer 
measures only in one direction defined by the laser
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Summary

Science objectives

1. Verification of gas-surface interaction models

• Requires accuracy of 1% of mass density

• Requires simultaneous observation of mass 
density, atmospheric composition and 
temperature, and wind

2. Observation of atmospheric waves

• Requires accuracy of 1% of mass density

3. Observe cross-track accelerations (secondary)

• Requires the ability to perform 90° yaw 
attitude manoeuvres

Fill the present gap in density observations

1. Region below 400 km altitude

2. Fast LTAN progression

3. Medium-high solar activity

Sensor suite

• CAI accelerometer (single axis, flight direction)

• GNSS receiver

• Star sensor
• Neutral mass spectrometer

• Ram wind sensor
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