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Abstract

A quantum gravity gradiometer in a low Earth orbit, operating in a cross-track
configuration, could be a viable single-spacecraft measurement instrument to pro-
vide mass change data for Earth observation, at comparable or better resolutions
to existing maps generated by GRACE-FO. To reach the sensitivity for these sci-
ence grade measurements, many parts of the cold-atom interferometer need to
be operating at, or beyond, state-of-the-art performance. In order to raise the
maturity of the technology of the gradiometer and determine the feasibility of
a science grade instrument, a pathfinder technology demonstration platform is
funded. The requirements and a notional design for such a pathfinder and the
outstanding challenges for science grade instruments are presented.

Keywords: quantum sensing, gravity, geodesy, quantum gravity gradiometer, atom
interferometry

1 Introduction

Measurements of the relative motion of Low Earth Orbit (LEO) spacecraft are used
to estimate Earth’s time variable gravitational fields, with differences used to identify
mass change in all planetary domains [1]. Monitoring of lakes [2], aquifers [3], as
well as ice sheets and glaciers [4], all help to study Earth’s water cycle and can be
used to inform wide scale resource management. Maps of Earth’s gravitational field
are currently delivered by the Gravity Recovery and Climate Experiment Follow-
On mission (GRACE-FO) [5], which can deliver spatial resolution >150,000 km?, at
seasonal and longer (decadal) timescales, limiting the direct use for drought assessment
and active resource management [6]. In order to improve the resolution of these maps,
more sensitive instrumentation is required [7].

In laboratories, quantum sensors, utilizing ultra-cold atom interferometry, hold
state-of-the-art sensitivities for gravity and gravity gradient measurements [8], and
unlike their classical counterparts [9], have yet to reach their fundamental sensitivity
limits, with active research into techniques to further improve the robustness and sen-
sitivities of the instruments [10]. Atom interferometry is an established technique to
perform absolute measurements of local gravity and, in its simplest form, is analogous
to an optical Mach-Zehnder interferometer [11]: a cloud of atoms is split, mirrored,
and recombined using timed laser pulses to enclose a space-time area between the
two parts of the atomic wavefunction. The phase of the atom interferometer is pro-
portional to the acceleration experienced by the atoms during the free evolution time
(T') between the laser pulses along the interferometry axis. A Quantum Gravity Gra-
diometer (QGG) performs atom interferometry on two spatially separated cold atom
samples simultaneously to get the differential gravity measurement between them, giv-
ing the scalar gravity gradient along the interferometry axis [12]. To first order, the
sensitivity to gravity gradient scales as the sample separation (baseline), 72, number
of atoms, and the photon momentum exchanged during laser-atom interactions [12].



Achieving the desired measurement sensitivity to estimate time variable gravita-
tional fields of the Earth requires a level of maturity for cold atoms that has only
recently been available. Several robust systems have been demonstrated for terrestrial
mapping applications [13, 14], in microgravity provided by drop towers [15-19], in
parabolic flights [20], in sounding rockets [21], and operation aboard the International
Space Station (ISS) [22, 23]. A Science Grade Instrument (SGI) would require beyond
state-of-the-art performance in several aspects — many of which cannot be demon-
strated on terrestrial platforms, requiring microgravity environments. Consequently,
a pathfinder mission aims to fly a QGG instrument to demonstrate the measurement
concept, qualify the design, test the performance, and determine any outstanding
scientific and technical challenges required for a science-grade instrument.

2 Results

2.1 Science motivation

Regular mass change climate data records have been used to significantly advance
our understanding of hydrology, oceanography, the cryosphere, and the solid Earth,
becoming indispensable data for efforts to monitor and understand ongoing changes
to our climate. GRACE and GRACE-FO are the second most cited NASA satellite
observation in the recent IPCC 6th Assessment Report [24] and their data is a key
contributor to the Global Climate Observing System (GCOS) Essential Climate Vari-
ables. Mass change data from GRACE-FO, when converted into units of radial gravity
gradient, show variations of order 10 uE, where 1 E (Eétvés) is 1 nm/s? acceleration
difference over 1 m separation (1 E = 1072/s?).

Recognizing the scientific and societal impact of these missions, the 2017-2027
Decadal Survey for Earth Science and Applications from Space by the National
Academy of Sciences identified mass change as one of five “Designated Observables,”
recommending that NASA both ensure continuity and seek to improve the spatial
resolution relative to the program of record [25]. In response, NASA initiated the
multi-center Mass Change Designated Observable study, which thoroughly analyzed a
wide range of architectures and instruments that could meet the needs outlined in the
Decadal Survey, with the main outcomes of the study reported in Ref. [26]. Among
the architectures evaluated, a single-axis single-spacecraft QGG was found to provide
better science value than a GRACE-like configuration with comparable altitude, but
it was not recommended for immediate implementation as the next observing system
architecture due to low technology maturity [27, 28].

The enhanced science value of the QGG relative to a GRACE-like implementa-
tion (e.g., GRACE-FO) is demonstrated in Fig. 1, which provides simulated science
performance for single-axis single-spacecraft QGG for two different instrument sen-
sitivities (standard deviations of 10 pE and 75 pE, evaluated at 10 and 20 seconds,
respectively), with cross-track and radial orientations. Other errors include orbit posi-
tion (1 cm standard deviation in each direction) and attitude (roll and pitch errors
of 0.7 purad standard deviation, 1.5 urad bias, and 1.0 urad one cycle per revolution).
Angular velocity errors were not considered. Operating along the radial direction of
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Fig. 1 Performance comparison for GRACE-FO and a single-axis QGG in different orientations,
sensitivities, and orbital altitudes. Lower geoid errors at higher degrees indicate ability to measure
mass change at small spatial scales.

the spacecraft yields better spatial resolution for the mass change for the same instru-
ment sensitivity due to the projection of gravity but incurs additional engineering
complexity. The radial direction rotates with the spacecraft, requiring significant rota-
tion compensation of order mrad/s to urad/s in LEO to yield a usable signal in the
gravity gradiometer [29].

These challenges can be relaxed by operating the instrument along the cross-track
direction, nominally non-rotating, which, for an instrument resolution of 10 pE, yields
similar geoid error and spatial resolution as GRACE-FO but in a single spacecraft.
A science-grade instrument, operating along the cross-track should therefore target
sensitivities of <10 pE.

2.2 Pathfinder mission concept

The desired science-grade sensitivity for a quantum gravity gradiometer, requires
beyond state-of-the-art performance in several areas of the atom interferometer
technology [29, 30]. To provide a research platform to mature the technology
in an application relevant environment, a pathfinder mission with state-of-the-art
performance will be commissioned.

The objectives of the Pathfinder mission are motivated by the desired objectives
of a future SGI mission. First, end-to-end system demonstration and validation of
atom-interferometry-based gravity remote sensing: Long-term stability of atomic grav-
ity gradiometry will be evaluated on the time scales from 1 minute to 90 minutes



and beyond, with instrument performance validated against known Earth gravity
field measurements. Second, advances to ultracold atom interferometry technology
and methods: Up to 10 s freely-falling atom interferometers will be demonstrated in
microgravity, which precludes thermal-atom based instrument concepts. At the same
time, the instrument should operate autonomously and continuously to demonstrate
end-to-end system maturity.

The remainder of the paper describes an instrument configuration which exhibits
sufficient technology maturity to meet the mission objectives in the near future.

QGG pathfinder consists of a single-axis gravity gradiometer, comprised of two
spatially separated atom interferometers, measuring a differential signal in cross-track
orientation of the spacecraft, aligned to the common interferometry axis. The cross-
track (Y-) axis is nominally non-rotating as the craft cruises, eliminating the need for
instrument rotation compensation for the QGG to operate. Operation in a near-polar
orbit, similar to the orbit of GRACE-FO, will allow for potential co-fly opportunities
with a future GRACE-like mission. At this orbit, the nominal cross-track gravity
gradient due to Earth’s gravity is 1200 E, with well-understood parts per million
variations in one revolution from decades of GRACE and GRACE-FO measurement
data. This available data will be used to validate the parts per hundred performance
of the QGG pathfinder.

For the pathfinder mission, the gravity gradient sensitivity target along the cross-
track is 100 mE/ VHz, and requiring long term stability exceeding one orbit period
(>90 minutes). The instrument should also demonstrate autonomous and near-
continuous operation for a sustained data-gathering period. The sensitivity objectives
can be achieved with a QGG with the parameters shown in Table 1.

Table 1 Notional design parameters to reach an atom shot noise limited
sensitivity of 97 mE/v Hz, calculated using Eq. (3).

Parameter Symbol Value
Detected number of atoms per interferometer Ny 10°
Effective wavevector ke 8- 2m/780 nm
Effective ensemble temperature T 100 pK
Interferometer evolution time 2T 10 s
Interferometer contrast C 50%
Gradiometer baseline L 0.3 m
Total duty cycle 14s

Atom interferometry with ultra-cold atomic ensembles is a comparably young tech-
nology for space applications. Critical developments for its maturity towards space
missions have been made in projects working with free-falling devices. In the DLR-
funded QUANTUS collaboration (Quantum gases in microgravity) [31], Bose-Einstein
condensates (BEC), atom interferometry, and matter-wave lensing were demonstrated
for the first time in microgravity at the drop tower facility at ZARM (Bremen,
Germany) [15, 16]. The step to space was taken with the MAIUS (Matter wave
interferometry in microgravity) sounding rocket missions [32]. Recently, NASA’s Cold
Atom Laboratory (CAL) implemented atom interferometry in orbit on-board the ISS
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[22, 23, 33]. The common approaches for BEC creation and technology development
give crucial input to the QGG design — of specific value are the methods for fast source
preparation, transport of the atomic ensembles, reduction of expansion velocities, and
beam splitting processes. However, none of these platforms support high interferometer
T times, limiting the demonstration of high sensitivities in a microgravity environment.

In this QGG concept, atom interferometry will be performed with multi-photon
Bragg diffraction, using temporally shaped light pulses to couple momentum states
of the same internal energy level. Bragg pulses have many benefits compared to more
conventional two-photon Raman transitions, notably, smaller phase shift contributions
from light shifts, with the remaining light shift readily compensated [34-36]. Another
significant advantage of using a Bragg transition is the lesser demand on RF phase
noise, thanks to a smaller optical frequency difference in Bragg transitions (few 10 kHz)
than in Raman processes (few GHz) [37]. As Bragg transitions do not change the
internal state, atoms can be transferred to another state and remain dark to subsequent
Bragg pulses making it suitable for techniques such as interleaving interferometers.
Losses due to high momentum Bragg orders are mitigated by implementation of a
sequential pulse scheme that transfers 8k of photon momentum to the atoms.

In the following sections, we present detailed descriptions of the physics protocol
and the corresponding instrument design concept. In addition to the design pre-
sented, aspects of the atomic system have been modelled to infer requirements of
QGG-pathfinder presented within. Full system modelling tasks are underway and will
be validated using ground-testbed results to understand the full specification and
performance requirements of a science grade instrument.

3 Methods

3.1 Payload description

The target host platform should accommodate a QGG payload having Size, Weight,
and Power (SWaP) parameters limited to 0.5 x 0.5 x 1 m?, 125 kg, and 350 W average
power consumption, based on preliminary feasibility studies. It is desirable that the
center of the QGG baseline be placed at the center of mass of the spacecraft during
operation, with the interferometry axis aligned to the cross-track, and that the mass
distribution of the craft be well known and modelled to reduce residual acceleration
noise on the atomic systems.

The payload is split into several subsystems, consisting of: the Atomic Physics
Package (APP), the Laser Optical System (LOS), the Integrated Control Electronics
(ICE), and the Power Conditioning and distribution Unit (PCU), with the components
and interfacing seen in Fig. 2. The APP and LOS are discussed in more detail in
Sections 3.1.1 and 3.1.2, respectively.

The ICE provides the communications interface between the spacecraft and the
instrument, and between instrument subsystems. It can be considered as two parts:
a high-performance processor-based part for onboard processing of data and images,
such as for the extraction of fringe phases and data compression, and a high-reliability
Field Programmable Gate Array (FPGA) based part, used for timing control to trigger
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Fig. 2 Contents and interfacing between the different subsystems. QGG interacts with the spacecraft
(s/c) with only communication and power.

the LOS and APP, realizing the cold atom and interferometry sequences. Configu-
ration parameters and sequences for the modes of instrument operation are received
and set by the ICE, with experimental and telemetry data sent to ground using the
spacecraft communication capabilities. The sequence and timing steps can be updated
from the ground for experimentation, debugging, or optimization of the instrument
performance. Received sequence steps are separated and sent to APP and LOS micro-
controllers for local execution upon triggers from the ICE. To ensure synchronization
between subsystems, the ICE distributes a stable, low-phase noise 10 MHz reference
clock.

The PCU is designed to be highly efficient, with low noise at the output, and takes
a standard input of 28 V from the host bus. Input EMI filters are used to clean the
voltage provided by the spacecraft, then DC/DC converters condition the voltage to
the instrument subsystems and galvanically isolate the spacecraft and the instrument
grounds. From this, the PCU provides a nominal power output of 385 W, with a 200 ms
775 W peak power to drive the strong gradient coils used to magnetically transfer the
atomic cloud to the atom chip. To account for standard derating and aging effects,
the PCU has been over-specified for the 350 W instrument power consumption. The
output of the PCU has switches to selectively disable subsystems, and telemetry for
diagnostics on voltage and current per subsystem. Power conditioning is completed at
each subsystem, including the LOS, ICE, and APP electronics, where the voltage is
regulated and filtered before being sent to components.
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3.1.1 Atomic Physics Package

The atomic physics package consists of the sensor head, where the ultra-cold atom
samples are generated; and the associated driving and control electronics. The sensor
head consists of an ultra-high vacuum (UHV) system to remove collisions with back-
ground ambient gases, the atom source, sets of magnetic coils for generating magnetic
traps, uniform fields and compensation of residual magnetic fields, optical and elec-
trical delivery, cameras and photodiodes for detection of the atoms and optical power
monitoring, and magnetic shielding to suppress ambient magnetic field variations. The
UHYV system is split into three connected regions, shown in Fig. 3, along with the
atom transport axes.

Atoms are trapped and cooled within a non-magnetic UHV enclosure, starting
from a vapor-loaded 2D-MOT. The atoms are pushed, via a 1 mm thru-hole, serving
as a differential pumping stage to create a pressure difference of at least 1:1000, into
the lower pressure 3D-MOT/BEC chamber. The atoms are loaded into a 3D-MOT
and then magnetically transferred above an atom chip which is used to rapidly gen-
erate a BEC, with the sample then being delta-kick collimated to reach an effective
temperature of the order 100 pK to limit cloud expansion [16, 32, 38, 39]. The colli-
mated ensemble is optically transported to the interferometry region, and then split
and transported using dual optical lattices to prepare two samples separated by a
baseline of 0.3 m. The splitting is aligned with the interferometry axis, which is along
the cross-track orientation to the spacecraft orbit. Atom interferometry is performed
on both samples simultaneously, and each interferometer is read out through fluores-
cence imaging of the spatial fringe on the sample, detected on a camera for each cloud.
This measurement is destructive, and a new sample must be generated again for the
next measurement.

In order to support an interferometry 27" time of 10 s, and limiting losses due to
collisions to < 10%, the collision rate 7, must be less than 0.01 s~!, which sets the
vacuum pressure requirement as follows. The pressure requirement comes from kinetic
theory, relating the collision rate, v, = ©/l, to the mean free path, | = kgT /(47a2P),
and mean speed, O = 1/3kpT /m, with the temperature, T, rubidium mass, m, Boltz-
mann constant, kg, and collision cross-section, 4wa?. This results in the pressure

expressed as

_ \/W (1)

4v/3ma2 Ta-

The scattering length as between 3'Rb is ~ 100ay [40], which is several orders of
magnitude larger than other expected gases in a properly fabricated UHV chamber
[41]. Assuming an environment temperature of 30 °C, the partial pressure requirement
of the interferometry region must be below 4 x 10~!2 mbar for Rb, and 1 x 10~!° mbar
for other gases, maintained by active ion-getter pumps and a passive non-evaporable
getter pump.

3.1.2 Laser Optical System

The laser optical system supplies light to the APP at wavelengths near 780 nm suit-
able for cooling, trapping, internal state manipulation, transport, interferometry, and
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Fig. 3 Atomic physics package overview, showing a design for a single source gravity gradiometer.
The three main regions are: a vapor loaded 2D-MOT, an atom chip for 3D-MOT and BEC generation,
and an interferometry region. Optical transport is used to move atoms from Chamber 2 into Chamber
3 - the interferometry science region. Using an optical lattice, the single cloud is split into two and
optically transported to the experiment baseline 0.3 m to create the gradiometer. Interferometry is
performed in the Y-axis, cross-track to the spacecraft orbit. Atoms are imaged by CCD cameras
through ports in the vacuum system. Not shown are the vacuum pumps, viewports, or laser beams
for the MOT and BEC generation.

detection of 8"Rb atoms. During operation, light pulses at the required optical fre-
quencies are generated and distributed to the appropriate output ports according to
a configurable timing sequence.

An overview of the LOS is shown in Fig. 4. The LOS interfaces with an LOS Con-
trol system (LOSC), which is controlled by the ICE. The LOSC includes electronics
required to drive the acousto- and electro-optic components inside the LOS, e.g., laser
drivers and RF sources. It is also responsible for implementing the timing sequence
commanded by the ICE and for performing certain tasks autonomously, such as auto-
matic laser (re-)locking. To this end, the LOSC includes a CPU and an FPGA. A
master RF reference is provided by the ICE to ensure sufficient timing accuracy and
synchronisation with the APP sequence. A measurement cycle is started by an elec-
trical trigger signal from the ICE, following which the LOSC controls each parameter
according to the pre-configured timing sequence. This includes, for instance, electrical
currents, RF frequencies, and switch positions.

The LOS itself includes five space-grade laser modules at 780 nm, based on a micro-
integrated master-oscillator power-amplifier architecture, including external cavity
diode laser (ECDL) chips and solid-state optical amplifiers (SOAs), developed as part
of BECCAL [42]. Each module provides up to 350 mW of optical power in optical
fiber. Laser frequency stabilisation is achieved by referencing a master laser module
to a rubidium vapor cell to provide an absolute frequency reference. The master laser
is locked to a 8°Rb transition via modulation transfer spectroscopy [43]. The other
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lasers are offset phase locked to the master laser to provide light at the required fre-
quencies determined by the offset frequency. The phase lock can be direct, or to a 1st
order EOM sideband, for offset frequencies of up to 10 GHz for use with the cooling
and Bragg beams, or locked to a 10th order EOM sideband to generate offset frequen-
cies of order 100 GHz [44], for use with the optical transport beams. The frequency of
each laser can thus be controlled by changing the RF frequency of a reference oscilla-
tor, providing agile frequency control of the lasers over 100s MHz. As excellent phase
coherence is required between the optical transport beams, the second transport laser
is injection locked to the first transport laser instead of using an offset phase lock.

Each laser module serves several functions to reduce the total number of modules
required. Light from each module is sent through a series of fiber-based components,
including acousto-optic modulators (AOMs) and electro-optic modulators (EOMs),
before being distributed by fiber-based switches to various ports of the APP. Here, the
AOMs provide fast switching and laser power control, including power stabilization
to the APP via monitoring photodiodes, while the switches based on micro-electro-
mechanical systems (MEMS) provide multiplexing capability and additional extinction
when the light needs to be turned off. Light which needs to be in the same spatial mode
but can have orthogonal polarization is efficiently superimposed using polarizing beam
combiners. The repump frequency for the MOT (|F =1) to |F’ = 2)) is generated
from the master laser by using an EOM sideband and can be turned on and off using
the driving RF signal.

High light extinction is required from the laser system between the pulses to reduce
resonant photons from hitting the atoms in the free-evolution time. For the interfer-
ometer time of 27 = 10 s, limiting losses due to leaked light to 1%, gives a photon
scattering rate of 0.001 s~!. Using the photon scattering rate equation for on resonant,
low power atom excitation [45], the leaked light should not exceed 0.088 pW /cm?.
For the design of the laser system and APP beam parameters, the requirement for
extinction is estimated as 96 dB, which can be met by the combination of AOMs and
MEMS.

3.2 Physics protocol

Two Mach-Zehnder atom interferometers are operated simultaneously on two spatially
separated clouds. By driving the interferometry sequences with the same light field,
common mode phase noise sources are removed due to correlations in the data [46, 47].
This approach can be used to suppress many systematic errors in atom interferometers,
most notably accelerations due to vibration and laser phase noise. The phase difference
between two atom interferometers, to the leading order, can be expressed as

bocc = keyLT?, (2)

and the atom-shot-noise-limited sensitivity of the gradiometer is given by Eq. (3),

where the fractional gravity gradient, 7 /7, is a product of the terms defined in Table 1.

1) 2 1
1-c

v /NgkLT?

3)

10
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Fig. 4 LOS layout with distribution to the APP. Each laser module is offset phase locked to the
master laser to enable dynamic frequency control. Polarizing combiners and MEMS switches are used
to multiplex the laser light delivered to the APP. This approach reduces the total number of required
laser modules by using the same laser module for different steps in the timing sequence. There are
several additional EOMs and AOMs, couplers, and photodiodes (PDs), not shown that make up the
beat frequency metrology module to achieve the offset phase lock for each laser.

The factor of 2 in Eq. (3) accounts for the quadrature sum of uncorrelated noise of
two interferometers, and the distribution of interferometer phases in one cloud.

Since the sensitivity of the gradiometer is dependent upon the baseline between the
two clouds, variations of initial cloud position reduces the sensitivity of the instrument.
For the parts-per-million metrology objective of the pathfinder, this requires the initial
cloud positions to be known to within few pum over the required baseline, which is
difficult for two independent BEC sources. Instead, we adapt a scheme to derive each
ensemble from a single source that is optically split and transported using quantized
momentum and precise timing to reduce the uncertainty in baseline [16, 30].

A single measurement cycle consists of several steps that are required to prepare
each interferometer’s atomic ensemble before performing the interferometry sequence.
The total duration of the measurement cycle is estimated to be 14 s, with 10 s of
that being the 27 atom interferometer duration — an evolution time not achievable in
terrestrial microgravity facilities.

The sequence steps and required parameters to achieve the target sensitivity of
100 mE/v/Hz are discussed in the following sections.

3.2.1 Source preparation

In each experimental cycle, two ensembles of 1.2 x 10° ultracold 8“Rb atoms, at equiv-
alent temperatures of 100 pK, separated along the atom interferometry axis by 0.3 m,
are required to support the long interrogation times in the interferometer. High atom
number reduces the atom-shot-noise-limited sensitivity, and low temperatures reduces
contrast loss due to dephasing from finite beam to cloud sizes and to fringes from
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residual rotation. Generating this pair is achieved through splitting and transporting
a single source BEC.

First, a 2D-MOT is generated in Chamber 1 in Fig. 3, which generates a cold
atomic beam from background vapor. The atomic beam passes through the differential
pumping stage and is used to load a six beam 3D-MOT in Chamber 2. Polarization
gradient cooling after the 3D-MOT is performed on the atomic cloud to reduce the
temperature to the pK regime, before being prepared in the magnetically sensitive
state |F = 2,mp = 2) by optical pumping. The sample is then magnetically trapped
and transported to a magnetic trap above the in-vacuum atom chip. A BEC is gen-
erated above the surface of the atom chip from the magnetically trapped atoms by
RF-forced evaporative cooling [48].

In order to further reduce the expansion velocity of the ensemble, delta-kick col-
limation (DKC) is performed [16, 32, 38, 39], where the ensemble is released for free
expansion and after some time a magnetic potential is applied. The velocity distribu-
tion of the ensemble is manipulated resulting in a lensing effect and a low expansion
velocity in the range of a temperature equivalent of 100 pK. The atoms are then pre-
pared into the magnetically insensitive state |F' = 1, mp = 0) through a scheme using
RF fields [22, 32, 49] and Doppler-free two-photon Raman transitions.

The atoms are loaded into an optical lattice that is accelerated to optically trans-
port the ensemble from the atom chip region into Chamber 3 — the interferometry
chamber [50, 51]. Finally, the atoms are loaded into a second optical lattice, aligned to
the interferometry axis which is used to split the sample into two and accelerate the
two halves in each direction. This is achieved through chirping the frequency of each
lattice beam to create two lattices moving in opposite directions [52]. By adiabatically
loading and unloading the lattice, efficient transport should be readily achieved. Each
cloud is decelerated in the optical lattice to create the two ensembles separated by
0.3 m. Through imposing a fixed number of momenta during the optical transport and
precise timing control, the separation of the two clouds should also be determinate
[53], providing the required two ensembles for the gradiometer.

3.2.2 Atom interferometer

Atom interferometry is performed using multi-photon Bragg diffraction, scattering
2n photons from a pair of counter-propagating beams, without changing the inter-
nal state. Bragg diffraction offers a few advantages over Doppler-sensitive two-photon
Raman transitions when implemented in a SWaP limited system. The requirements on
the laser and RF chain are much less stringent for Bragg diffraction, requiring lower
RF frequencies, and thus lower power amplifiers, than counter-propagating Raman
transitions. For increasing the sensitivity of the gradiometer, it is also easier to imple-
ment large-momentum transfer using Bragg diffraction, with momentum of > 100hk
demonstrated [51, 54]. Since the interferometry occurs within the same internal energy
state | = 1,mp = 0), relying on the interference between momentum states, the pop-
ulation can be shelved to the upper ground state |F' = 2, mp = 0), allowing for more
complex multiplexing schemes for interleaved operation of interferometers.

In this implementation, multi-photon Bragg transitions are used to coherently
transfer atoms between momentum states |0fik) and |+£4hk), with each beam splitter
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pulse consisting of several sequential light pulses. The beam splitter pulse is con-
structed from a 7/2-pulse, which transfers half of the population from state |0hk) to
|+4hk), followed by a m-pulse transferring the remaining atoms in |0hk) to |—4hk),
effectively implementing a symmetrized beam splitter, as described in Ref. [55], but
for Bragg instead of Raman transitions. The selective transitions are done by tuning
the frequency of the counter-propagating beams to be resonant with different Bragg
transitions. Sequential pulses are chosen over directly driving double-diffraction [29] to
remove losses due to undesired Bragg transitions, such as |0kk) to |£2hk) or |£6kk),
which are also resonantly induced by the standing waves in the retro-reflected lattice.
The mirror pulse is constructed of three m-pulses, transferring the atoms from |+4hk)
to |Ohk), then all atoms from |0hk) to |—-4kk) and vice versa, before finally |0hk) to
|+4hk) to reverse the momentum of both arms. The final beam splitter follows the
opposite scheme to the opening beam splitter, which can all be seen in Fig. 5. The
pulses have a Gaussian temporal profile, with a width of around 100 us and variable
amplitudes, where the interferometer contrast may later be improved from optimal
control schemes [56]. This pulse scheme does introduce laser phase noise due to tar-
geting only one of the interferometer arms at a time; however, when used for the
gradiometer measurement, this phase noise is common to both interferometers and
thus removed in the differential measurement.

position pi/2  pi m/2- pulse position pi pi pi n- pulse position pi pi/2 m/2- pulse

+4hk | Ohk|-ahk Ak

-4hk +4
T T

kah < > « > Ohk interference

Ohk Ohk

~4hk +4hk
_ank Ohk | *+4hk
>

l l time time l l time

Fig. 5 Interferometry scheme utilising sequential Bragg diffraction to achieve 8ik momentum split-
ting. Each beamsplitter and mirror pulse is constructed from several Bragg pulses to avoid losses due
to undesired Bragg transitions. This scheme is performed on both atomic ensembles simultaneously,
with the added phase noise from addressing a single arm common to each interferometer and thus
removed in the differential measurement.

3.2.3 Detection

The interferometer can be read out through imaging spatial fringes on the output
ensembles [57-61]. Fringes can occur due to the gravity gradient, uncompensated
Coriolis forces, or be introduced by asymmetric timings to open the interferometers
[57-60, 62, 63]. As both interferometers should experience the same external uniform
accelerations or timing asymmetry, a deviation in their spatial fringe patterns shows a
differential acceleration between both interferometers, which is caused by gravity gra-
dients and other systematic effects, such as magnetic field inhomogeneity. Measuring
the phase difference between the fringe patterns of the interferometers in each mea-
surement cycle can yield a gravity gradient measurement in a single experimental run,
in contrast to the fringe-free single-detector readout scheme.
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In the pathfinder, 240 ms after the final beam splitter pulse, the output ports of the
interferometers have spatially separated by few final ensemble radii, and spatial fringes
have emerged. The spatial density distribution of the atoms can be imaged using
fluorescence imaging, with both interferometers illuminated by the same resonant light
for around 100 us, destroying the ensembles through heating. The emitted photons
are collected on a dedicated camera per interferometer. Optionally, a reference image
can be taken after the ensemble is dispersed to better distinguish fluorescence photons
from background scattering. Pre-processing and calculations such as interferometer
phases can be performed on-board by the ICE to reduce down-link data volume.

Contrast loss of the fringes is mostly caused by phase variation across the cloud as
seen in the imaging direction, where atomic population is integrated over [53, 62—64].
The main uncontrolled contributors in the QGG pathfinder configuration are residual
rotation across the camera field of view (the Coriolis phase term) [57, 65], and beam
pointing jitter in the camera line-of-sight [58]. For interferometer contrast of >50%
and to eliminate the need for a rotation compensation system, the detection scheme
requires the spacecraft to provide attitude control of better than 15 prad over the
interferometer time, orientate to the cross-track to within 1 mrad, and have residual
rotation of 1 prad/s. These requirements ensure the phase variation across the cloud
is less than 1 rad in the line-of-sight of the imaging camera [53, 62-64].

4 Discussion

4.1 Error budget

The instrument sensitivity is determined by the combination of the noise sources in
the measurements. For the anticipated 10° atoms in the interferometer and a fringe
contrast of 50%, the quantum projection noise, the uncertainty of differential interfer-
ometer phase determined by the number of atoms in the interferometer, is 12.6 mrad
per run, corresponding to a sensitivity of 97 mE at 1 s, from Eq. (2). For the instru-
ment to be atom shot noise limited, with the quantum projection noise being the
dominant noise source, all other contributions must be suppressed below that. The
notional experimental parameters expressed in Table 1 are used in the atomic system
model to determine the effect of different errors on the interferometer and gradiome-
ter output. Major error terms have been modelled so far, and can be grouped by noise
(Table 2) and systematic terms (Table 3).

4.2 Concept of operations

The QGG Pathfinder Mission consists of three mission elements. The QGG Pathfinder
Space Element (SE) is the space observatory that will include the spacecraft, the QGG
Pathfinder Instrument and ancillary systems. The Launch Element (LE) is the launch
vehicle and corresponding support services. The LE is also expected to include all
facilities and equipment needed to support integration, support, and control functions
as well as ground support equipment related to the LE. The QGG Ground Element
(GE) will consist of the ground systems, equipment, and personnel needed to support
mission control functions and all the interfaces needed with existing ground stations
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Table 2 Anticipated leading instrument noise sources and their phase noise budget for the
differential atom interferometers per measurement cycle. Parameters used for evaluating the terms
(in addition to those listed on Table 1): Bragg diffraction order n = 4, w/2-pulse duration

Tr = 100 us, speed of light ¢, nominal gravity gradient v = 1200 E, nominal orbiting rate

Q =1 mrad/s.

Noise source Formula Contribution Comment
Quantum  projection 2/(Cv/Ng) 12.6 mrad Assuming  uncorrelated  noise
noise between interferometers.

0
Laser frequency noise, 27r2n% f—; 2 mrad Assuming white frequency noise
S9 of Bragg laser SO = 64 x

102 Hz2/Hz, corresponding to a
Lorentzian linewidth of 200 kHz

[66].

Detection noise 0Pdet 1 mrad Allows for imperfect optics,
electronics, phase-extraction algo-
rithms.

Gravity gradient cou- keydv T3 0.97 mrad Assuming differential velocity jit-

pled with velocity jit- ter v = 0.1 um/s, corresponding

ter, dv to differential lattice frequency dif-
ference of 1.5 Hz.

Gravity gradient cou- keydr T? 0.55 mrad Assuming differential position jit-

pled with position jit- ter or = 0.3 pm, to be limited by

ter, or imperfections of optical transport
with 0.39 pum lattice site spacing.

Rotation coupled with  2kedv cqQT? 0.32 mrad Assuming suppression of interfer-

velocity jitter, dv ometer sensitivity to the orbiting

rotation rate €2 by a factor of cq =
1073 in the cross-track configura-
tion.

for communications with the SE. The GE is likely to include a Mission Operations
Center (MOC) operated by the spacecraft provider, and a Science Operations Center
(SOC) for end-to-end measurement validation and data processing.

The QGG pathfinder mission will be conducted over the following four defined mis-
sion phases: pre-operation (installation through launch); commissioning; calibration
& validation (“Operational” Phase); and decommissioning. The pre-operation phase
begins with the installation of the instrument. After the instrument is integrated and
tested on the spacecraft, the instrument is powered off prior to launch, but the ion
pump remains powered on via umbilical power and/or battery power. The spacecraft
is then integrated on the launch vehicle, with the spacecraft powered up in launch
configuration on the launch pad. The phase ends after successful insertion of the space-
craft at the determined orbit. Once the spacecraft is operationally ready, the power
source to the ion pump is switched from battery to on-board power. The potential
requirement of an on-board battery powered ion pump is subject to analysis of the
maximum vacuum pressure expected prior to in-flight turn on.

The commissioning phase begins with staged power-on basic functionality testing
of the QGG subsytems, where the nominal telemetry of health and status from the
ICE, the APP, the LOS and the PCU are transmitted to the ground stations via
downlink. These tests include individual functional tests of the LOS and the APP to
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Table 3 Leading instrument systematic sources and their fractional contributions on gravity
gradient measurements. Other effects such as the index of refraction, Gouy phase, differential
density shift from beam splitters are determined to be negligible. Note that the sensitivity target of
100mE corresponds to ~ 83 x 1076 of the nominal gravity gradient. Mean field/density effects have
been determined to be below the mrad level [53], with further modelling required to fully quantify it.

Systematic Formula Contribution Comment

source

Magnetic field %%(ﬁyB)zL/('yL) 2.8 x 106 Second order Zeeman shift a« = = -
gradient, dy B 575 Hz/G2 [45]. Assuming constant

linear magnetic field gradient, requir-
ing 0y B < 1.1 mG/m. While local
magnetic force proportional to Bdy B,
differential magnetic force between
two interferometers proportional to

, (8y B)?L.

Wavefront CR G}’yéR 2.0 x 10~ The phase due to wavefront curvature

radius of cur- is kea2T?/R [29, 67], equivalent to an

vature, R effective acceleration of 02/R. Assum-
ing the wavefront curvature R ~ 1 km
and differing between two interferome-
ters by cg ~ 0.1.

Misalignment -0%+ —1x 1076 Assuming |fyy| < 1 mrad.

to cross-track,

Oyy

Baseline uncer- 0L/L 0.26 x 10~6 Assuming free-running transport laser

tainty, 6L frequency uncertainty of 100 MHz,
which will be eliminated if offset phase
locking by 100 GHz is implemented as
described in Section 3.1.2.

Effective wave- cos 9# -1 —0.13 x 10~6 Assuming optical frequency error less

vector than 100 kHz, the angle between

the counterpropagating Bragg beams
|0ar] < 1 mrad.

2ke 2L e QT2

Rotation cou- k‘/fLTQ 0.1 x 10~ Assuming differential initial velocity
pled with ¢ can be determined at the level of
velocity spread ov/VN.

Oy

verify that the lasers can be locked and sequences can be triggered in the correct order
with appropriate timing. After the staged power-on, the instrument is commanded to
step through the physics protocol, where diagnostic camera images are used to verify
each step. These tests are used to calibrate the instrument in preparation for science-
driven campaigns and for technology-driven goals such as to explore parameter space
for processes of interest and compare with established models.

The calibration and validation phase is the operational phase of the mission, with
the instrument being operated and used to obtain calibration measurements and to
perform end-to-end measurement validation campaigns for science and technology.
The science-driven campaigns performed during this phase will include forward mod-
eling validation through continuous operation for different time scales: ~ 1 minute
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(transient, small amplitude, short-scale features); ~ 10 minutes (local features such
as basin-scale hydrology, water resources, small-scale oceanography); ~ 100 minutes
(global features such as glacial isostatic adjustment, global mean sea level, land/o-
cean exchange). Certain pre-defined regions will be revisited multiple times to verify
gridded observations through comparison with prior knowledge of the Earth’s gravity
field, to validate consistency of measurement, and to collect observations over a fixed
geographical region. Other planned science-driven campaigns may include continuous
operation for longer duration (nominally ~ 30 days for a complete global coverage)
for geophysical inversion of largest-scale global features and localized inversion of geo-
physical features; lower altitude measurements (e.g. gradually transitioning from 400
km to 300 km); and varying the instrument orientation from cross-track to quasi-radial
during some science-driven campaigns, to demonstrate the feasibility of a radial QGG.
The technology-driven campaigns performed during this phase could include longer
interrogation time interferometers, higher Bragg diffraction orders, various atom inter-
ferometer configurations, machine-learning optimization, as an opportunity to advance
cold atom technology in the unique space microgravity environment and towards SGI.

Knowledge of the spacecraft orbital position and angular orientation are needed
to within 1 m and 0.5 mrad, respectively, for measurement validation against Earth’s
gravity models. A detailed physical model of the spacecraft is needed for the QGG
instrument to accurately estimate the spacecraft self-gravity gradient and its thermal
and temporal variations to within 100 mE/v/Hz. While accelerations due to atmo-
spheric drag and other environmental disturbances on the spacecraft are common
mode and rejected in QGG measurements, care should be taken on their impact on
precise orbital position determination and pointing stability of the spacecraft.

The decommissioning phase will result in the intentional destruction of the
spacecraft to comply with NASA policy and standards for orbital debris mitigation.

4.3 Path to a science grade instrument

Pathfinder-QGG requires demonstration of both state-of-the-art techniques and
parameters integrated into a single instrument. For Earth observation, as discussed in
Section 2.1, orders of magnitude improvements to the sensitivity are required in order
to outperform current technologies. There are a few concepts and efforts towards an
SGI implementation, such as Refs. [29, 30] among others, exhibiting a large parame-
ter space for critical variables such as the number of measurement axes, altitude, and
atomic species. Nevertheless, the consensus is that an SGI QGG should have a sen-
sitivity standard deviation of 10 pE or better. Reaching a science grade instrument,
10,000 times more sensitive than the pathfinder objective, requires beyond state-of-
the-art performance in several areas. Both the atom-shot-noise limited sensitivity and
the systematic noise sources need to be improved. Equation (3) sheds light on atomic
technology development needs.

The baseline L should be extended to the longest feasible for a spacecraft in LEO,
say L = 2 m for SGI. In addition to SWaP considerations for the platform, establishing
the baseline for atom interferometry is a technical challenge. In the physics protocol
described in Section 3.2, the baseline of 0.3 m is established via optical lattices. To
scale it to meters, parameters such as transport efficiency, accuracy, and heating need
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to be reassessed, which may have implications on lattice laser detuning and power
requirements. With the knowledge gained through the pathfinder mission and other
parallel ground activities, longer transport distances might become an engineering
effort rather than a technical challenge. Other approaches exist for lengthening L, such
as the concept of two separate atomic sources, transport using magnetic or optical
traps, etc.

Achieving 10 pE/ v H z will require significant changes to both interferometer inter-
rogation time as well as orbital orientation. The interrogation time T should be
increased to T' = 15 s. There are no foreseen cold atom technology challenges that pre-
vent achieving long T'; however, colder atomic samples would be required to limit the
cloud size, placing additional requirements on the laser system, notably increased opti-
cal power. Similarly, the sensitivity to rotation and pointing jitter increases as T' gets
longer. As shown by the simulations in Fig. 1, a radial orbital orientation provides the
highest sensitivity to gravity gradients. However, in the radial orientation, the angular
velocity of the instrument will be on the order of 1 mrad/s. Uncompensated rotations
have been shown to significantly degrade the performance of atom interferometers,
both theoretically [29], and experimentally at the lab-scale [65]. A dedicated rotation
compensation system within the instrument, and an advanced spacecraft attitude con-
trol system might therefore be required to yield meaningful contrast at the highest
sensitivity. While the pathfinder is not designed to demonstrate the full sensitivity
at longer T, physical models can be validated from various aspect during technology
campaigns, e.g., longer T' using smaller Bragg order, single interferometer across the
two detection regions, etc.

A high-flux, ultra-cold atom source technology is in demand, where N; = 10® at
pK temperatures is desired. While BEC is the workhorse for generating ultracold 8”Rb
atoms, paths for generating 10® condensed atoms in a SWaP constrained setting are
certainly not available today. Moreover, it is desirable to produce ultracold samples
at a fast rate, to support interleaved interferometry to be detailed in the following
paragraph. Atomic species other than 8"Rb may have different cooling technologies
toward low temperatures; however, pK is the range of ultimate interest for the SGI, and
is not straightforward for any species. It is unrealistic that the pathfinder instrument
concept is flexible enough to explore different cooling methods, or different species;
nonetheless, its validation of the BEC approach will be a system-level achievement on
the capability of implementing complex physics protocol with robustness.

As alluded in Section 2.2 and proposed in literature such as Ref. [29], interleav-
ing atom interferometers is a way to improve sensitivity and sampling rate. Densely
interleaved operation, such as 1 Hz sampling rate of 27" = 30 s interferometers, would
improve the sensitivity by a factor of 5. This is a significant technology challenge:
these tens of atomic clouds should traverse the same vacuum tube, while being selec-
tively interrogated and detected. The separation of atom source, atom interferometry,
and the detection region would be a first step towards interleaving. The pathfinder
instrument described above shows some compatibility to interleaving, e.g., capable of
shelving atoms in the dark state for near-detuned Bragg pulses; however, a complete
demonstrate requires parallel research efforts on the ground.
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The size of k., i.e., the order of Bragg diffraction, is not a free parameter to dras-
tically increase the sensitivity as suggested in Eq. (3) when the instrument dimension
is constrained: For a given T, the larger the k., the larger the spatial extent of the
interferometer. When two interferometers spatially overlap, the gain in gradient sensi-
tivity starts to diminish. It is optimal to allocate the available space with two adjacent
interferometers for QGG, which implies that k. should be just large enough to move
atoms through a given distance in a given time 7', which would need < 1002k in most
cases. Nevertheless, the QGG pathfinder instrument is capable of implementing inter-
ferometers of different k., as a validation of physical models and demonstration of
physics protocol in a relevant environment.

5 Conclusion

A quantum gravity gradiometer shows promise to be used for low-Earth orbit planetary
observation. A successful pathfinder mission outlined in this paper will be the first
validation of the QGG measurement concept, and the first end-to-end demonstration
of the underlying technology in the relevant operation scenarios. Parallel efforts on
technology maturation are required to reach the sensitivity targets of a science-grade
QGG. The development of a pathfinder mission payload, funded by NASA Earth
Science Technology Office under Earth Science Division, is being implemented by
NASA Jet Propulsion Laboratory, Goddard Space Flight Center, and US industry,
anticipating delivery and spacecraft integration in 2030.
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