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Magnetometry with a space-based
differential atom interferometer

Matthias Meister 1,13 , Gabriel Müller 2,13, Patrick Boegel3, Albert Roura 1,
Annie Pichery 2, David B. Reinhardt1, Timothé Estrampes2,4, Jannik Ströhle3,
Enno Giese 5, Holger Ahlers6, Waldemar Herr 6, Christian Schubert 6,
Éric Charron 4, Holger Müller 7, Jason R. Williams 8, Ernst M. Rasel 2,
Wolfgang P. Schleich 3,9,10,11, Naceur Gaaloul 2 & Nicholas P. Bigelow 12

Atom interferometers deployed in space are excellent tools for high precision
measurements, navigation, or Earth observation. In particular, differential
interferometric setups feature common-mode noise suppression and enable
reliable measurements in the presence of ambient platform noise. Here we
report on orbitalmagnetometry campaigns performedwith differential single-
and double-loop interferometers in NASA’s Cold Atom Lab aboard the Inter-
national Space Station. By comparing measurements with atoms in magneti-
cally sensitive and insensitive states, we have realized atomic magnetometers
mapping magnetic field curvatures. Our results pave the way towards preci-
sion quantum sensing missions in space.

Deploying matter-wave interferometers1 to space2–5 promises the
advance of fundamental physics by testing general relativity6–10,
detecting gravitational waves11,12 and exploring new physics13,14. Their
use in applied sensors15 could enable, for instance, long-term inertial
navigation16–19, precision gravity cartography20–23 and enhanced mag-
netic field sensing23–30. For matter-wave interferometers to benefit
from space and exceed the performanceof classical sensors, they need
to exploit extended free-fall times enabling quadratic improvements in
sensitivity. These long interferometry times can best be realized by
using slowly expanding Bose–Einstein condensates (BECs)31–34 as
quantum test masses.

Until now, the application of space-deployed BEC interferometers
as sensors and at extended free-fall times has remained elusive. Proof-
of-principle experiments with BECs were performed using double
Bragg interferometry aboard a sounding rocket35 and single Bragg

interferometry with the Cold Atom Lab (CAL) onboard the Interna-
tional Space Station (ISS)36. Additionally, a dual-species BEC inter-
ferometer, suitable conceptually for testing general relativity, has been
carried out with CAL37. Finally, using thermal atoms rather thanBECs, a
double Raman interferometry-based gyroscope was realized in the
China Space Station19. In contrast to the latter, all space-borne BEC
interferometers were limited in their sensitivity by short interrogation
times, mainly due to laser phase and vibrational noise in the non-
differential36 or insufficient control of the atom dynamics in the dif-
ferential case37.

Overcoming previous limitations, we apply a BEC interferometer
as a magnetic field sensor in the Earth-orbiting CAL experiment. To
improve the sensitivity, we thoroughly characterize the interferometer
beam to inform and apply advanced state-engineering techniques34,38

enabling longer spatial overlap of condensed 87Rb atoms with the
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interferometer beam and thus increased pulse efficiencies for long
times. Additionally, using single Bragg pulses, we execute differential
interferometry schemes suppressing laser phase noise in the vibra-
tionally noisy environment of the ISS, while directlymeasuring second-
order potential gradients (magnetic field curvature) where a non-
differential schemewouldmeasure thefirstorder. Thesemodifications
allowed the executionof various interferometer geometries up to total
interrogation times of 2T = 40.3ms, significantly improving upon
previous space-based realizations of BEC interferometers35–37 where
visibilities could not be shown beyond 2T = 4ms due to insufficient
pulse efficiencies.

In particular, using condensed 87Rb atoms in the magnetic sub-
level mF = 2, we measure a magnetic field curvature inside the ISS
payload’s vacuum chamber of ∣B00∣= 614:1 ±0:3ð ÞnTmm�2 when ana-
lyzing all interferometer times globally. At individual interferometer
times 2T = 10.3, 12.3, 16.3ms, we measure magnetic field curvatures
with average uncertainties on theorder of 5 nTmm−2. DeployingmF = 0
atoms, we verify the linear Zeeman effect as the leading source of the
measured curvature and provide an upper bound to other contribu-
tions. Finally, we obtain differential butterfly measurements with
mF = 2 atoms, consistent with vanishing third-order magnetic field
gradients.

We foresee two different applications of the magnetic curvature
sensor in space, the first one targeting the in-vacuum characterization
of magnetic fields in the aforementioned fundamental physics
experiments based on atom interferometry. In such experiments, for
instance, when testing general relativity8–10, one of the leading sys-
tematic effects coupling into the signal are magnetic field gradients.
Fully avoiding such couplings is not possible, neither by operating on a
magnetically insensitive sublevel due to the non-linear Zeeman effect,
nor by advanced compensation techniques39. Thus, magnetic field
gradients need to be mapped microscopically at the measurement
location, i.e., inside the vacuum chamber, where only the atoms have
direct access. Devices such as vector fluxgate magnetometers40 and
scalar atomic magnetometers41 generally offer high precision; how-
ever, they have tomeasure fromoutof vacuum,naturally impeding the
performance for gradient reconstruction at the relevant location,
especially considering higher-order spatial components. In contrast,
utilizing a differential atom interferometric magnetometer enables
precise in-vacuum characterization of magnetic field gradients23–25 at
the right spot. Multiple orders can be mapped out by deploying the
differential interferometer at various positions or by adapting the
scheme to be sensitive to a different order, as presented in this work.
Due to the absence of gravity, performing such characterizations in
orbit instead of during an on-ground commissioning phase provides
the advantage of more localized measurements under the relevant
environmental conditions.

As a second application, deployed on a dedicated satellite plat-
form, we envision the magnetic curvature sensor as part of a multi-
modal quantum sensor23,42 for various low-frequency geophysical
parameters. Here, traditional space magnetometry missions43–47 use
hybrid systems of vector fluxgates for performing the core measure-
ments and scalar atomic magnetometers as absolute references for
calibrating the drifting fluxgates. The number and physical placement
of these sensors determine the measurable quantities; e.g., first-order
gradients are accessible by placing two fluxgates at a fixed distance.
Alternatively, atom interferometry-based magnetometers provide the
flexibility to measure different orders with the same hardware, while
being inherently drift-free and thus particularly suited for low-
frequency signals. The key advantage of deploying atom inter-
ferometers in a space mission, however, is their simultaneous sus-
ceptibility to gravitational and inertial signals. For instance, while this
work demonstrates measurements of second-order magnetic field
gradients, the same scheme can be applied to retrieve a first-order
gravity gradient20,21. Future scenarios in which the multi-modality of

atom interferometers is preferred over single-use traditional magnet-
ometers might include experiments for understanding our Earth’s
composition45,48, interplanetary missions47,49 or climate science50.

Results
We perform two types of differential atom interferometers to char-
acterize the gradient and curvatureof the local forcefield actingon the
atoms within CAL aboard the ISS. For characterization of the force
gradient, we employ a differential Mach–Zehnder-type geometry
defined by the four-pulse sequence shown in Fig. 1a, and apply it
separately on atoms in a magnetic-sensitive or magnetic-insensitive
state. To characterize the force curvature, we extend this scheme to a
double-loop differential butterfly geometry by adding a secondmirror
pulse as indicated in Fig. 1b. The experiment is based on a cloud of
Bose-condensed rubidium atoms that are carefully prepared through a
sequence of magnetic traps for free fall at expansion rates below nK.
Extracting and comparing the atom numbers from absorption images
of individual exit ports of the atom interferometer enables the deter-
mination of a differential phase and thus the calculation of various
present force gradients and curvatures.

Experimental setup and atom source preparation
CAL is a space-basedBECmachine located aboard the ISSwithin theUS
Destinymodule and is mounted inside an ISS EXPRESS rack, only a few
meters away from the ISS center ofmass. Vibration isolation on the ISS
is not comparable to ground-based laboratories, and as a con-
sequence, vibrations with acceleration amplitudes up to the order of
10�3 g=

ffiffiffiffiffiffiffi
Hz

p
are present over a wide range of frequencies36. The

nominal rotation of the ISS at one revolution per orbit ensures that the
interferometer beam of CAL always points nadir towards Earth. This
rotation is slow enough to not compromise the experiments reported
here, and the Sagnac phase caused by the precessingmotion of the ISS
around the Bragg beam axis is suppressed due to the geometry. As
such, CAL constitutes a unique platform for BEC interferometry in
space, which has been described in detail in references32,36,37.

The CAL atom chip produces a magnetically trapped BEC of 87Rb
atoms in the F = 2, mF = 2 hyperfine state with approximately 9 × 103

condensed atoms and a BEC fraction of roughly 70% through eva-
porative cooling32,36,51. For atom interferometry, the atoms must be
positioned within the Bragg interferometry beam well above the atom
chip as illustrated in Fig. 2. Thus, after evaporative cooling, we mag-
netically transport the atoms34,38,52 within 200ms over roughly 1mm in
both the y- and z-directions. This final trap is aligned with the Bragg
beam andprovides small trap frequencies (ωx,ωy,ωz) = 2π × (9.28, 21.2,
18.1) Hz, enabled by the absence of gravitational sag in microgravity.

The CAL interferometry beam has a wavelength of 785 nm and
features two adjustable and slightly detuned frequency compo-
nents, building up two standing and two moving optical lattices.
These can be used to couple different momentum states of the 87Rb
atoms via Bragg transitions53. To ensure resonance with only one of
the moving lattices, the atoms need a non-zero momentum p0 along
the beam54. The beam points in z0-direction closely aligned with the
z-axis and tilted by (4.77 ± 0.04)∘ towards the x-axis, with a beam
width of (0.47 ± 0.02) mm, as confirmed by careful calibration
measurements of the Bragg beam orientation and intensity (see
“Methods”). Any transversal velocity of the atoms relative to the
beam should be minimized. We control the atoms’ momentum by
modifying the trapping potential during a final hold time of 10 ms
and by briefly applying additional magnetic field gradients along the
x-axis after release. In the mF = 2 case, this procedure launches the
atoms away from the chip with an initial velocity of (vx, vy, vz) = (1.8,
2.7, 12.5) mm s−1 and uncertainties of up to 0.2mm s−1. After this
initial procedure, we switch off all chip and coil currents to observe
the free propagation of the atom clouds (see Fig. 2d) and obtain a
BEC expansion energy kBTeff/2 corresponding to an effective
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temperature Teff of only 0.66 nK along the z-direction, where kB is
the Boltzmann constant. Reaching such small expansion energies is
essential to avoid inefficiencies in the Bragg transitions due to
Doppler shifts. This performance is largely enabled by microgravity,
allowing the controlled release from such shallow traps and thus
avoiding the need for additional collimation techniques.

While the evaporation and transport happen with magnetically
sensitive atoms in mF = 2, we perform some atom interferometry
experiments in themagnetically insensitive statemF = 0. By applying a
radio-frequency adiabatic rapid passage36 within the first 15ms after
release, we can transfer the atoms into the mF = 0 state with high
efficiency. Applying the same adjustable release scheme as in the
mF = 2 case, we realize an initial velocity of themF = 0 atoms of (vx, vy,
vz) = (3.0, 1.4, 9.9)mm s−1 with similar expansion energy as in themF = 2
case. The trajectories for both hyperfine states are shown in Fig. 2,
clearly indicating that themagnetically sensitive statemF = 2 is bent by
external forces while the mF = 0 atoms follow a straight line. In addi-
tion, both trajectories are well aligned with the Bragg beam and thus
ensure a long spatial overlap between the free-falling atoms and the
center of the Bragg beam, leading to improved pulse efficiencies for
extended interferometer times. This improvement over previous
experimental campaigns is crucial for the success of the following
differential interferometers.

Differential atom interferometry
To generate the differential atom interferometer geometries shown in
Fig. 1, we create two spatially separated Mach–Zehnder inter-
ferometers (MZIs) and apply all beam splitter and mirror pulses
simultaneously on both atomic clouds. We establish their spatial
separation by performing a π/2 Bragg transition on the atoms with
initial momentum p0 to create an equal superposition of momentum
states p0 (0ℏk) and p0 + ℏkeff (2ℏk). Here, the effective wave vector keff
is given by the Bragg beam’s resonant moving lattice, where

keff = ∣k1 − k2∣while ∣ki∣ = 2π/λi describes the wave vector of two slightly
detuned frequency components. The pulse duration is 0.13ms. During
some time of flight, the two momentum states 0ℏk and 2ℏk spatially
separate and serve as the input states forMZI-I andMZI-II, respectively.
We have analyzed the classical differential center-of-mass (COM)
motion between these two momentum states for expansion times up
to 150ms and extracted a non-interferometric result for the accelera-
tion gradient in z0-direction of ∣Γ∣ = (36.76 ± 1.07) s−2 experiencedby the
mF = 2 atoms in the system (see “Methods” and Discussion). This
classical measurement also shows a vanishing acceleration curvature.

Each of the twoMZIs illustrated in Fig. 1a accumulates, to leading
order, a phase ϕj = keffajT2 with j = I, II referring to the individual MZIs,
the common pulse separation time Tmeasured from the center of the
pulses, and the local acceleration aj acting on the atoms along the
direction of the Bragg beam. Measuring these phases individually
suffers from laser phase and vibrational noise and becomes infeasible
for extended pulse separation times T in noisy environments, such as
CAL36. However, by directly extracting the phase difference
Δϕ =ϕII −ϕI, commonphase-noise contributions cancel out55,56 and the
evaluation of the differential MZI becomes independent of this con-
straint. Consequently, from the differential MZI phase Δϕ, the local
acceleration gradient Γ= ez0 � Γ which is assumed to be constant over
the experiment region can be evaluated according to the analytic
phase relation Δϕ= keffΓΔz

0T2, where Δz0 is the distance between the
individual MZIs. In our case, Δz0 =2vrectsep with the recoil velocity
vrec = 5.85mms−1 and the separation time tsep = 30ms� Tð Þ between
the twomomentum states prior to the three-pulseMZI sequence. This
spatial preparation of the respective MZI input states leads to a mea-
surement of the acceleration gradient aligned with the Bragg beam
direction ez0 . While this often is the quantity of interest, by means of
other preparation schemes57 other gradients ej � Γ could be accessed;
however, access to the local acceleration aj is fundamentally limited to
the component along the Bragg beam.

Fig. 1 | Atom interferometry sequence formeasuring differential accelerations.
Atom trajectories of 87Rb atoms in the mF = 2 hyperfine state (blue lines) showing
the position during a differential Mach–Zehnder-type atom interferometers and
b differential butterfly interferometers. The interferometers consist of four or five
laser pulses (red dashed lines), respectively, with effective wave vector
keff = ∣k1∣ + ∣k2∣ = 2k that coherentlymanipulate the atoms. Positions aremeasured in
the direction z0 of the Bragg beam. a A first π/2 splitting pulse is applied 15ms after
release from the trap, generating a superposition of atoms in the two momentum
states 0ℏk and 2ℏk, which each serve as input states for a three-pulse
Mach–Zehnder interferometer (π/2 – π – π/2-pulse) that again splits, reflects, and
recombines the atoms by common laser pulses. After the last laser pulse, the four

resulting atom clouds spatially separate during 10–15ms of free evolution and are
detectedby a single absorption image (see exemplary density plot for 2T = 20.3ms,
size 117 × 488μm2). The total interferometer time 2T is varied while the π-pulse is
always applied30ms after the initial splittingpulse. Accelerations of the atomswith
respect to the laser beams, caused for instance by spatially dependent magnetic
fields Bðz0Þ, lead to non-vanishing interferometer phases ϕI and ϕII affecting the
relative population in the output ports and enable measurement of differential
accelerations between the two MZIs. b By adding a second π mirror pulse during
the interferometer sequence, a differential figure-eight or butterfly geometry can
be realized, which in leading order is insensitive to acceleration gradients, but
instead reveals acceleration curvatures if present.
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The measurement of Δϕ is based on determining the respective
atom numbers in all four spatially resolved exit ports from a single
experimental shot, an example shown in Fig. 1. Comparing the relative
populations Nrel,j = N0ℏk,j/(N0ℏk,j + N2ℏk,j) of the 0ℏk states in both MZIs
for a large set of experimental shots yields correlation plots with
varying elliptical shape depending on the differential phase Δϕ. Dif-
ferential phase values close to 0 or π lead to correlation data forming a
strongly elongated ellipse with a diagonal as the limiting case, illus-
trating that both MZIs are fully in-phase or anti-phase, respectively. In
contrast, a differential phase Δϕ = π/2 results in circular correlation
data. This measurement scheme is independent of phase contribu-
tions that act simultaneously on both MZIs since any common phase
only shifts the correlation data point around the ellipse, but does not
change the formof the ellipse itself. Hence, even if the individual phase
scan for a singleMZI is washed out due to vibrational phase noise36, the
differential phase between twosuchMZIs canbe readout reliably from
the correlation plot through ellipse fitting21,58–60. Moreover, the visibi-
lity of the interferometer manifests itself in the maximum vertical and
horizontal extent of the fitted ellipse. Integrating the correlation data
over one of the two populations gives rise to the typical double-peak
distribution used in single MZIs to extract visibilities in the case of
washed-out phase scans.

WeperformadifferentialMZImeasurement campaignwithmF = 2
atoms. To this end, we employ nine different interferometer times 2T,
ranging from 2.3 to 24.3ms with an average number of 96 experi-
mental shots per interferometer time. Distributed over these shots, we
scan the laser phase of the last Bragg pulse from0 to 2π in steps of π/6
in order to realize different populations in the respective exit ports.
Due to laser phase noise, this discrete manual phase scan becomes
blurred and, in principle, even unnecessary for most of the used

interferometer times. During the interferometer sequence, the atoms
experience an acceleration along the beam direction. To ensure
resonance with the mean velocity of the atom clouds, we adjust the
Bragg pulse two-photon detunings for each interferometer time and
eachpulse, individually. The three pulse durations are constant over all
sequences at (0.1, 0.2, and 0.1)ms, respectively. In Fig. 3a–c, we
exemplary show correlation plots as the measurement outcome for
three different interferometer times from this campaign.

WedetermineΔϕ and the visibility aswell as their uncertainties by
fitting a rotated and shifted ellipse to the correlation data of each
individual interferometer time (refer to “Methods” for details on the
ellipse fitting procedure). The main limitation for extracting the dif-
ferential phase for long interferometer times stems from the vanishing
visibility of population oscillations in the individual MZIs, shown in
Fig. 3d. This is caused by the atom’s transverse COMmotion relative to
the Bragg beam such that the atom cloud explores regions of varying
Bragg beam intensity. This effect leads to non-ideal transfer efficiency
for long interferometer times and therefore poses a limit for the
maximal time 2T that could be performed in the mF = 2 case.

The results of the differential phase fits are displayed in Fig. 3e for
all interferometer times 2T. Due tomultiple ambiguities in inferring the
differential phase from ellipse fits, all measurements are limited to
absolute phases inbetween0 andπ. This ambiguity prevents the direct
determination of the acceleration gradient from individual inter-
ferometer times alone. However, by relating the differential phases
from all interferometer times, we can evaluate the acceleration gra-
dient. For small interferometer times, 2T ≤ 6.3ms, the measured dif-
ferential phase values slowly increase and can be connected by the
analytic phase relation for Δϕ to obtain a short-time estimate of Γ. By
extending this relation to larger times, we resolve the phase ambiguity

Fig. 2 | Interferometry setup and atom source preparation of the Cold
Atom Lab. a Orientation of the Gaussian-shaped Bragg beam (red area) in the x-z-
plane with respect to the atom chip (yellow rectangles) and chip wires (brown
rectangles) viewed in thedirection of themain imaging axis (y-direction). TheBragg
beam points towards Earth and enters the vacuum chamber through a window in
the atom chip and is retro-reflected by a mirror (not shown). BEC evaporation is
performed close to the atom chip in a tight magnetic trap (black diamond), fol-
lowed by a transport to the shallower release trap (black square) centered above
the chip window. Atoms in the magnetic-sensitivemF = 2 hyperfine state are
released with a non-vanishing velocity away from the atom chip and follow a
parabolic trajectory (blue dotted line) caused by magnetic forces. Transferring
atoms in the magnetic-insensitive mF = 0 hyperfine state by an adiabatic rapid
passage 15ms after release yields an unperturbed linear center-of-mass motion

(purpledotted line). Interferometry is performed in a regionwhere the atoms (solid
blue and purple lines) are close to themaximum intensity of the Bragg beam. Here,
the trajectories during the longest achievable interferometer times 2T = 24.3ms
and 2T = 40.3ms, formF = 2 andmF = 0 atoms are shown, respectively. b 3D layout
of the atom chip and the Bragg beam with the chip window in the center. The
dotted rectangle shows the boundaries of subplot (a). c Trajectories of themF = 2
(blue dotted line) and mF = 0 (purple dotted line) atoms in the x0-y0-plane per-
pendicular to the Bragg beam (z0-axis) showing motion of the atoms through the
Bragg beam illustrated by its center (red cross) and beam waist (red dashed line).
d Thomas–Fermi radii of themF = 2 BEC during time of flight after release from the
trap. Error bars show the standard deviation of repeated measurements. Blue and
purple rectangles indicatewhen the atom interferometer is applied for atoms in the
mF = 2 and mF = 0 states, respectively.
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for allmeasurements with 2T ≥ 8.3ms by choosing the bestmatch step
by step. Figure 4a shows the resulting differential phases after resol-
ving all ambiguities. The acceleration gradient from this global fit over
all interferometer times is then given by ∣Γ∣ = (39.46 ± 0.02) s−2.

We also evaluate the force gradient on magnetically insensitive
mF = 0 atoms. In contrast to themagnetically sensitive state, themF = 0
atoms are not significantly accelerated by residual magnetic field
gradients during the interferometer sequence, reducing their trans-
versal motion relative to the Bragg beam as shown in Fig. 2c. This
improves the Bragg transition efficiencies for long times of flight,
leading to better visibilities for long interferometer times as displayed
in Fig. 4c. The approach allows to extend the interferometer time up to
2T = 40.3ms while still observing a signal at the exit ports, ultimately
limited by detection noise due to small atom numbers. The measured
differential phases are shown in Fig. 4with no clear dependence on the
interferometer time. Based on the fact that all phase values lie well in
the small subregion [0, π/6], we rule out that a relation to the inter-
ferometer time is merely hidden in the ellipse fit phase ambiguity
ϕmeas∈ [0, π]. Moreover, for allmF = 0 campaigns, the correlation data

does not allow a clear distinction whether the differential phases are
truly non-zero or not and, consequently, the error bars include Δϕ = 0.
Thus, for the mF = 0 atoms, we evaluate an upper bound of the
acceleration gradient based on only the longest interferometer time
2T = 40.3ms, yielding a value of jΓj≤0:31+0:03�0:31 s�2.

We further extend the differential MZI configuration to a differ-
ential butterfly interferometer (BFI) to measure force curvatures
instead of gradients. The differential BFI consists of two spatially
separated butterfly configurations61 as shown in Fig. 1b. Compared to
the differential MZI, it features an additional mirror pulse before the
closing beam splitter. The resulting symmetry eliminates the leading
term that dominated the differential MZI signal, such that it reveals
smaller contributions due to force curvatures (see “Methods”). We
perform a measurement campaign with the differential BFI using
mF = 2 atoms. For three different interferometer times 2T ranging from
4.5 to 20.5ms, we again see no clear relation between the differential
phase and the interferometer time, as shown in Fig. 4. Noise in the
relative port population makes an extraction of Δϕ close to degen-
eracy of the ellipse challenging, but the obtained results are compa-
tible with zero force curvature ΓI − ΓII ≈ 0 which agrees well with our
classical COM measurement (see “Methods”). Although anharmonic
potentials also affect the differential MZI signal, our butterfly mea-
surements indicate that accounting solely for the leading-order terms
above, that is, the magnetic field curvature, is sufficient for analyzing
the differential MZIs.

Magnetometry
Combining the results from all measurement campaigns, we locally
characterized the magnetic field. The acceleration gradient
observed in the differential MZI with magnetically sensitive mF = 2
atoms almost fully vanishes for magnetically insensitive mF = 0
atoms, highlighting its magnetic nature. We thus conclude the
presence of a local magnetic field curvature along z0 of
∣B00∣= ∣Γ �mRb= mFgFμB

� �
∣= ð614:1 ± 0:3ÞnTmm�2 with less than 0.8%

of contributions outside of the linear Zeeman effect quantified
through the upper bound of Γ acting onmF = 0 atoms. Furthermore,
our differential BFI measurement is consistent with the third spatial
derivative of the magnetic field being zero.

Extending our campaign to quantify other orders of the magnetic
field is partially possible by adapting the interferometer scheme. A
non-differential scheme would directly access the gradient of the
absolute magnetic field in the beam direction ∂z0∣B∣. However, in the
current experimental setup36 laser phase and vibrational noise would
limit the interrogation time and thus, the achievable sensitivities pro-
hibit meaningful analyses. This limitation can be overcome in future
experiments with vibration isolation schemes62. Accessing the abso-
lute value of the field directly is not trivially possible due to the
inherent nature of atom interferometers to measure differences in the
potential rather thanmagnetic fields directly. Extensions towards such
quantities rely on differential interferometers between different
magnetic states23.

Instead of inferring the differential acceleration by fitting Δϕ as a
function of T for the entire data set, we can also calculate it directly for
each value of T, analyzing each interferometer time individually. The
global analysis resolved the ambiguity in the differential phases ΔϕMZI

measured with the mF = 2 atoms. Using the same phase relation as
before, the acceleration gradient Γ and thus the magnetic field curva-
ture B″ is determined via the linear Zeeman effect. Fig. 5 shows the
resulting curvatures for individual interferometer times. The most
sensitive measurements are realized for interferometer times ranging
from 2T = 10.3 to 16.3ms, featuring magnetic field curvatures with
average uncertainties of 5 nTmm−2. For example, we measure
∣B00∣= 599+7

�3 nTmm�2 using 2T = 10.3ms. This experiment includes
181 shots with an average atom number of 4.5 × 103 atoms per MZI and
visibility of 0.48. Based on these numbers, the corresponding 1σ-shot-

Fig. 3 | Experimental results of differentialMach–Zehnder atom interferometry
in space. a–c Experimental data of the relative populations Nrel,I and Nrel,II in the
0ℏk state of both Mach–Zehnder interferometers MZI I and MZI II described in
Fig. 1a with atoms in the magnetically sensitive mF = 2 state. For growing inter-
ferometer time 2T, the shape of the correlation data (purple circles) varies between
elongated ellipses and circles, indicating a changing differential phase Δϕ =ϕII − ϕI

obtained by ellipse fitting (blue lines with confidence areas in shaded blue) of the
data (see “Methods”). d Visibility of each MZI is determined by the maximum
extend of the ellipse fitted to the correlation data, with error bars showing the 1σ
ellipse-fitting confidence bounds. Altering visibility is due to day-to-day perfor-
mance of the experimental apparatus with respect to atom numbers and BEC
fraction, and in general decreases for long interferometer times due tomotion and
expansion of the atoms perpendicular to the Bragg beam (see Fig. 2). e Measured
differential phase for each interferometer time 2T illustrating the presence of dif-
ferential accelerations. Error bars are based on 1σ-confidence bounds of the
bootstrap analysis. For 2T=8.3ms and2T= 20.3ms the error barswereextended to
includeπ since in these cases the data did not allow a clear differentiation from this
value (see “Methods”). The data at 2T = 24.3ms is not considered for further ana-
lysis due to the poor visibility of less than 15% inMZI II and the resulting large phase
uncertainty.
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noise limit for the magnetic field curvature amounts to 0.4 nTmm−2.
The gap between the experimentally achieved sensitivity and the
theoretical limit can have a variety of causes. In particular, we suspect
signal and experiment drifts in between shots, noisy imaging at small
atomnumbers, and consequently larger uncertainties from the ellipse-
fitting process.

In Fig. 5, we observe a spread of the individually analyzed data
around thegloballyfitted result andbetween eachother.This results in
a weighted average for the individual interferometer times of
∣B00∣= 622 ± 20ð ÞnTmm�2 with its standard deviation being larger than
most individual uncertainties. To understand this spread, we have
performed a detailed numerical modeling taking into account more
experimental parameters, such as finite pulse durations63 as well as
additional phase contributions within a quadratic potential64–67. Com-
paring these numerical results to the ones from our analytical phase
relation reveals only a small offset on the order of a few nTmm−2 while
not decreasing the observed spread, confirming the validity of our

simpler analytical phase model. Furthermore, higher-order contribu-
tions beyond aquadraticpotential were constrainedbyour differential
BFI measurements already, and including these in our phase model
does not yield a consistent and improved explanation of the data (see
“Methods”). As the experiments were performed over a duration of
several months, we conclude that actual drifts in the magnetic field
curvature are themost likely explanation for the observed data spread.
While with CAL as a multi-user facility, such long campaign durations
are hard to avoid, this does not constitute a general limitation of the
methods presented here when deployed in dedicated magnetometry
missions.

Discussion
In this article, we have performed various differential atom
interferometer sequences based on Mach–Zehnder and butterfly
geometries to characterize the magnetic field inside the CAL
vacuum chamber onboard the ISS. In particular, we have mea-
sured the residual magnetic field curvature with a 1σ-sensitivity of
0.3 nTmm−2 and have obtained complementary measurements
with magnetically insensitive atoms to confirm the magnetic
nature of the measured force gradients. Furthermore, we have
verified through the differential butterfly interferometer that
there is no significant contribution from a third spatial derivative
of the magnetic field acting on the atoms, and the measured
differential forces can be attributed to a magnetic field curvature.
With these results, we have successfully realized a BEC-based
magnetometer in space, representing an important milestone for
space-based quantum sensors in general.

The residual magnetic fields present within the CAL device have
been observed earlier by studying the COM motion of the atoms34,68

and can best be explained by magnetic fields originating from the
atom-chip connectors or other magnetized parts of the experimental
setup inside the magnetic shield. Their precise characterization has
only been possible by applying interferometry techniques as pre-
sented in this work. The measured magnetic field curvature corre-
sponds to an effective harmonic trap frequency of
ωz0 =2π × ð1:000±0:002ÞHz along the direction of the Bragg beam
and thus, would influence both the atom’s COMmotion aswell as their
expansion dynamics when employed for longer times required for
precision sensing campaigns.

Fig. 4 | Comparison of complementary differential interferometers. aMeasured
differential phaseΔϕ as a function of the interferometer time 2T for the differential
MZI sequence shown inFig. 1a performedwith atoms either in themF = 2 (bluedots)
ormF = 0 (purple diamonds) hyperfine state as well as results formF = 2 atoms in a
differential butterfly geometry (green triangles), featuring two π-pulses instead of
one (see Fig. 1b). Error bars are obtained by ellipse fitting uncertainty (see “Meth-
ods”). None of the data sets for themF = 0 and the butterfly interferometer allow a
clear differentiation fromΔϕ=0, such that for these campaigns, the errorbarswere
extended to include zero. bMagnification of (a) for small values of Δϕ, illustrating
that formF = 0 atoms and for the butterfly interferometer, all measured differential
phases are quite small and donot show a clear increasing behavior. A phase relation
fit (red) to the mF = 2 data (blue) reveals an acceleration gradient
∣Γ∣ = (39.46 ± 0.02) s−2. In contrast, themF = 0 data (purple) shows an upper bound
for a non-magnetic acceleration gradient based on the longest interferometer time
2T = 40.3ms of jΓj≤0:31+0:03�0:31 s�2. The butterfly results are compatible with zero-
force curvature. Overall, the data show clear evidence of a differential magnetic
force acting on the atoms. cVisibility of the differential interferometer basedon the
average of the two corresponding single interferometers. Error bars correspond to
the largest individual uncertainty. Visibility of mF = 2 measurements decreases for
long interferometer times due to magnetic forces moving the atoms through the
Bragg beam.

Fig. 5 | Measured magnetic field curvature. Using the data from the differential
MZImeasurement performed onmF = 2 atoms, for each interferometer time 2T, we
individually infer themagnetic field curvature ∣B00∣= ∣Γ �mRb= mFgFμB

� �
∣ (blue dots).

Individual error bars are calculated through error propagation. The globalfit shown
in Fig. 4 gives ∣B00∣= 614:1 ±0:3ð ÞnTmm�2 (red line). The weighted average for the
individual measurements is ∣B00∣= 622± 20ð ÞnTmm�2. The best individual perfor-
mances are obtained for interferometer times ranging from 2T = 10.3 to 16.3ms,
including 65 to 181 shots, respectively, resulting in average uncertainties in the
magnetic field curvatures of 5 nTmm−2.
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Comparing the magnetic field curvature result from our differ-
ential interferometer of ∣B00∣= ð614:1 ± 0:3ÞnTmm�2 to the result
obtained from the difference of the classical COMmotion of atoms in
the 0ℏk and 2ℏk state of ∣B00∣= ð572 ± 17ÞnTmm�2 illustrates the higher
sensitivity of the interferometer in comparison to a classical mea-
surement. The existing offset between both approaches can be
attributed to the fact that the interferometer measures much more
locally than the classicalmeasurement. The interferometer takes place
only during a small fraction of the total atom cloud trajectory
(0.43mm motion during a 2T = 20.3ms interferometer with a
separation of 0.23mm compared to 3.5mm during 130ms differential
time-of-flight) and thus introduces less averaging.

Our experiments demonstrate an in-vacuum magnetic field
characterization, mandatory for any future space-deployed high-pre-
cision gravity measurement29,30 or fundamental physics test8 to esti-
mate unwanted phase shifts. In most cases, the magnetic field
environment ismappedout byRamsey interferometer techniques that
allow for a determination of the magnetic field gradient in a certain
spatial region27,30. In contrast, our approach also enables a direct
measurement of the higher derivatives of the magnetic field and thus
provides deeper insights into the local magnetic field environment of
the apparatus. Furthermore, our differential interferometer can oper-
ate in a much smaller volume compared to Earth-bound measure-
ments and thus improves the spatial resolution of the magnetic field
characterization.

In order to achieve the results presented in this article, a detailed
characterizationof the Bragg beamorientation and intensity, as well as
the atom source, has been crucial to enable the required spatial
overlap between the atom cloud and the Bragg beam during the
interferometer. In this way, we have substantially improved the single-
mirror pulse efficiencies up to 85%, outperforming previous atom
interferometer implementations of CAL36,37. This Bragg beam char-
acterization constitutes another Bragg-pulse-enabled quantum sensor
used for validation of the experimental setup by itself.

In addition, the microgravity conditions aboard the ISS have
enabled our measurements in the following ways: First, a freely falling
laboratory allows to probe the atoms for long times at a constant
position or close to a specific object, facilitating characterizationof the
system and sensing applications. In our case, the atomsmoved by only
0.43mm during each MZI for an interferometer time of 2T = 20.3ms
and have thus enabled a very localized determination of the magnetic
field curvature. Performing the same measurement on Earth would
result in a totalmotion of 9.0mmbetween the beam-splitting pulses of
the MZI, such that the measurement signal would be averaged over a
longer distance, reducing the spatial resolution. Second, microgravity
allows to utilize shallow release traps to reduce the expansion energy
of the BEC and to enable compact atom clouds even after long free
evolution times. By carefully designing the transport of the BEC to the
release trap and optimizing the release scheme, we have achieved BEC
expansion energies of 0.66 nK, which are much lower compared with
the proof-of-principle interferometry demonstrations on CAL. Conse-
quently, we have been able to increase the pulse efficiencyof the Bragg
transitions and thus extend the interferometer times to 2T = 40.3ms.
The achieved expansion rates are sufficiently low to not constitute the
limiting factor during our campaign, rendering the application of
delta-kick collimation techniques (DKC)33,34,69–71 unnecessary. However,
if the atom’s COMmotion transversal to the beamwouldbe eradicated
as a limiting factor, smaller expansion velocities along the beamwould
enable improved Bragg transfer efficiencies, while smaller transversal
expansion velocities would lead to more homogeneous excitation
during pulses.

To further improve sensitivities and fully exploit microgravity
conditions, future space-based experiments56 should aim to mitigate
the following limitations. One of the leading limitations in our setup
has been the small total number of condensed atoms. Routinely having

an average of roughly 2 × 103 atoms per exit port renders the atom
number determination through absorption imaging challenging,
especially when interference reduces the actual atom number well
below 103 in single exit ports. These low numbers introduce noise in
the correlation data and increase the uncertainty of phase estimation.
Increasing the total number of condensed atoms from around
104 to 106, as for instance, envisioned for the BECCAL apparatus72,
would improve the signal-to-noise ratio considerably. Compared to the
present instrument, this can be achieved by hardware upgrades to the
atom chip assembly targeted at more efficient magnetic trap loading
and evaporation. Furthermore, the Bragg beam properties and align-
ment with the atom trajectories could be improved to preserve the
contrast of the entire interferometer for longer times. In particular, a
larger Bragg beam diameter would minimize the effects of the whole
atom cloud moving transversal to the beam due to magnetic forces
and reduce losses during the pulses. Similarly, a higher laser power
would enablemuch shorter beamsplitter andmirror pulses, increasing
their efficiencies. Lastly, the Bragg beam experiences diffraction
effects from the edge of the chip window and the chip wires, com-
promising the uniformity of the beam. Adjusting the beam path could
reduce these unwanted effects and further improve the pulse effi-
ciencies. These aspects are the main reasons why our implementation
did not reach the sensitivities of dedicated ground-based differential
atom interferometry setups21,73, that are less limited by space, weight,
and power constraints. Although not limiting for our interferometry
configuration, for non-differential schemes a vibration isolation to
reduce laser phase noise and compensate residual signals coupling in
through the retro-reflection mirror62, as well as a tip-tilt mirror to
compensate platform rotations at significantly longer times, are
imperative.

Such improved atom interferometer setups would enable the
measurement of geophysical parameters competitive with traditional
space missions. State-of-the-art drift-stabilized fluxgate sensors for
measuringmagnetic field vectors from a satellite platform45,46 perform
at a sensitivity of 11 to 25pT=

ffiffiffiffiffiffi
Hz

p
@ 1Hz. However, solely measuring

the absolute field via scalar atomic magnetometers enables sensitiv-
ities down to 1 pT=

ffiffiffiffiffiffi
Hz

p
over a broad range of frequencies45. Posi-

tioning multiple scalar magnetometers, analogous to the usual
positioningofmultiplefluxgates46 at a distanceof 40 cm,would enable
the measurement of a second order magnetic field gradient with a
sensitivity of 15 pT=m2=

ffiffiffiffiffiffi
Hz

p
. Analogously, a differential atom inter-

ferometer with performance parameters envisioned for future funda-
mental physics tests9, using an equivalent separation of 40 cm, would
be shot noise limited at 0:06pT=m2=

ffiffiffiffiffiffi
Hz

p
@≲0.1 Hz, while simulta-

neously being sensitive to gravity gradients at 5mE @ ≲ 0.1 Hz. Mea-
suring signals at larger frequencieswithmore conservative parameters
of 105 atoms per interferometer and a separation time of T = 250ms
could be possible at a sensitivity of 180pT=m2=

ffiffiffiffiffiffi
Hz

p
@ 1Hz which is

compelling for a space-deployedmulti-modal quantum sensor already
in the intermediate term.

To conclude, our magnetometer campaign aboard the ISS con-
stitutes the measurement of a residual field based on BEC inter-
ferometers in space. Thus, this campaign represents a major advance
for space-based quantum sensing and paves the way for the next
generation of multi-user BEC facilities in orbit72 as well as serving as a
true pathfinder for more sophisticated missions in the future, like
searching for gravitational waves or performing Earth observation
from space3,4.

Methods
Characterization of Bragg transitions and beam orientation
We manipulate the atom’s momentum states with a Bragg laser beam
at 785 nm operated with box-shaped pulses. The maximum laser out-
put power of 66mW is split into two frequency components with
adjustable wave vectors k1 and k2 where ∣ki∣ = 2π/λi. By controlling the
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two-photon detuning Δ between the two laser frequency components,
we enable resonant Bragg transitions only between an initial momen-
tum p0 (0ℏk state) and the momentum p0 + 2ℏk (2ℏk state). Here we
take into account both the recoil effect on the atoms and the Doppler
shift to identify the resonant detuning, such that transitions to other
momentum states are well suppressed54.

The transfer efficiency between the two momentum states 0ℏk
and 2ℏk strongly depends on the local Bragg beam intensity. It is
therefore particularly important to carefully characterize the Bragg
beam to optimize the diffraction efficiency at different positions. As
CAL is fully remote- controlled and encapsulated during operation, it is
not possible to measure the beam orientation or intensity from the
outside and to confirm its specifications after installation onboard the
ISS. Taking advantage of the adjustable release scheme described in
the results section, we realized different trajectories for atoms in the
mF = 0 and mF = 2 states. The trajectory of the atom cloud was deter-
mined by recording the center-of-mass position of the atoms for dif-
ferent time of flights using both camera systems. For each trajectory
and center-of-mass velocity, we determined the optimal detuningΔ via
individual resonance scans, yielding values ranging from 40 kHz
to 55 kHz. In each case, we applied a single Bragg pulse with varying
duration from 0.1 to 1.6ms to drive Rabi oscillations, where the lower
limit of 0.1ms was set by technical constraints. By measuring the
populations in the 0ℏk and 2ℏk states after the Bragg pulse and taking
into account the BEC expansion rate and pulse shape, we obtain the
local Rabi frequency of the laser beam at the respective BEC positions
during the pulse.

Since the Rabi frequency is proportional to the intensity of the
Bragg laser which features approximately a Gaussian intensity profile,
the local Rabi frequency depends on the transverse position and we
expect the form

Ωðx0, y0Þ=Ωmax e
�2½ðx0�x00Þ

2 + ðy0�y00Þ
2 �=w2

0 ð1Þ

with the maximum Rabi frequency Ωmax as well as the width w0, and
the centers x0

0 and y00 in x0- and y0-direction of the Bragg beam. Since
there is a small angle α between the Bragg beam and the z-axis in the x-
z-plane, the coordinates transform in the following way

x0 = x � cosα + z � sinα ð2aÞ

y0 = y ð2bÞ

z0 = � x � sinα + z � cosα: ð2cÞ

By fitting the model function, Eq. 1, together with the coordinate
transformations, Eq. 2, to the Rabi scan data, we obtain the maximum
Rabi frequency Ωmax = 2π � ð2:72 ±0:12Þ kHz and the following geo-
metric parameters: the beam width w0 = (0.47 ± 0.02)mm, the beam
center x0 = (48 ± 135) μm and y0 = (92 ± 33)μm at z = 0 as well as the
angle in the x-z-plane α = (4.08 ± 3.87)∘. Here, the relatively large error
for α is due to the fact that most measurements were performed at
similar z-positions to better sample the transverse shape of the Bragg
beam. The intensity profile of the Bragg beam and the positions of the
individual Rabi scan measurements are displayed in Supplemen-
tary Fig. S1.

Wehaveachievedmaximumtransfer efficiencies of85% for single-
mirror pulses performed close to the beam center, showing an
improvement compared to previous pulse efficiencies demonstrated
with CAL37. This result is in good agreement with the maximum theo-
retical mirror pulse efficiency of 86% determined by the measured
Braggbeam intensity and themomentumwidth of the atomcloud. The
pulse efficiency could be directly improved by a larger beam power.
Additionally, using advanced Bragg pulses designed via quantum

optimal control74 couldbe explored in the future; however, the current
instrument software prohibits such methods due to limited phase
control in time.

A complementary approach to measure the angle of the Bragg
beammore precisely relies on the comparison of the COM trajectories
of the 0ℏk and 2ℏk states in a single experimental run. The distance of
the atom clouds in these two states in the x-z-plane is shown in Sup-
plementary Fig. S2 for expansion times up to 150ms, enabling a very
sensitive determination of the Bragg beam angle of (4.77 ± 0.04)∘. By
additionally observing the atoms in the x-y-plane, we observe no sig-
nificant momentum transfer by the Bragg beam in the y-direction, as
expected.

As a last characterization, we employed the differential COM
motion of the 0ℏk and 2ℏk states to verify the cameramagnification in-
flight. The total transferred velocity 2ℏk/m = 11.70mms−1 is well
defined and can be compared with the observed differential velocity
measured with an uncertainty of only 0.02mm s−1. This measurement
suggests a correction of 6.2 ± 0.2% with respect to the original cali-
bration of the camera system. Notably, when comparing the results of
a differential interferometer for such changes of the magnification,
there is only a negligible influence on the relative atomnumbers in the
exit ports and themeasurement data extracted from them. Hence, our
interferometric results are independent of the actual magnification of
the camera system.

Analysis of absorption imaging data
The raw data of the absorption imaging of both detection systemswas
analyzed in the following way. For the initial calibration of the atom
source generation with short times-of-flight a bimodal fitting proce-
dure was used to consider both the BEC and the thermal clouds. For
this purpose, a two-dimensional (2D) Thomas-Fermi and a 2D-Gaussian
density profile were superimposed and fitted to the absorption data
together. In this way, the atom numbers, positions, and sizes of the
clouds were extracted, and information on the BEC fraction was
obtained.

For longer free evolution times, and in particular for the inter-
ferometry measurements, the thermal cloud was hard to distinguish
from the background noise. Thus, only a 2D-Thomas-Fermi profile was
used in these cases to obtain atom numbers, central positions, and
Thomas-Fermi radii.

Furthermore, in the case of the differential interferometers used
to measure the magnetic field curvature, the whole data set was post-
processed by a principal component analysis75 in order to remove
background imaging noise and obtain a better signal-to-noise ratio.

Classical potential curvature measurement
By performing only a single beam splitting pulse at t = t0 one can
observe the trajectories of atoms in the 0ℏk and 2ℏk states simulta-
neously for long times. The differential motion of these two clouds
reveals information about the differential velocity Δv = v2ℏk − v0ℏk as
well as the potential curvature Γ acting differentially on both clouds,
i.e., the trapping frequency ω=

ffiffiffi
Γ

p
of any residual harmonic potential.

Starting from the classical equations ofmotion in a harmonic potential
and by taking into account that both clouds are at the sameposition at
t0 we obtain the distance

Δxj =
Δvj
ωj

sin ωjðt � t0Þ
� �

for t > t0 ð3Þ

between both clouds in any spatial dimension xj = x, y, z and associated
velocities vj and frequencies ωj.

The differential motion can be used to measure the residual
trapping frequencies ωj. The total distance between the two split
mF = 2 atom clouds, as well as the distance per spatial direction, are-
shown in Supplementary Fig. S2. Using Eq. 3, we obtain

Article https://doi.org/10.1038/s41467-026-75230-2

Nature Communications |         (2026) 17:6089 8

www.nature.com/naturecommunications


ωCOM, z0 =2π × ð0:965±0:014Þ Hz for the harmonic trapping frequency
along the direction of the Bragg beam, or a potential curvature
Γ = 36.76 ± 1.07 s−2. The fit shows an extremely high coefficient of
determination of R2 = 0.9999, such that the dynamics of the atom
clouds can be fully explained by the harmonic potential. In particular,
there is no indication of higher spatial derivatives of the potential
influencing the dynamics.

Complementary measurements with atoms in the mF = 0 state
reveal no additional forces acting on the atoms, such that the potential
curvature measured for the mF = 2 atoms can be attributed to a mag-
netic field curvature in line with the differential interferometric mea-
surements. Thus, the non-interferometric result for the corresponding
magnetic field curvature based on the linear Zeeman effect is
∣B00∣= ð572 ± 17ÞnTmm�2. In addition, the non-interferometric COM
motion also supports the finding of a vanishing third spatial derivative
of the magnetic field from the differential butterfly interferometers.

To ensure consistency of the measurement campaign and
potential curvature stability over time, we have repeated the differ-
ential center-of-mass campaign shown in Supplementary Fig. S2 after
approximately 1 year. The results of both campaigns are in excellent
agreement with each other.

Ellipse fitting
For the differential interferometers reported here, we have measured
the relative populationsNrel,j =N0ℏk,j/(N0ℏk,j +N2ℏk,j) of the 0ℏk states in
both MZIs labeled by j = I, II through absorption imaging for different
laser phase values. Since the Bragg pulses act simultaneously on both
MZIs the corresponding populations can be described by the relations

N rel, I =N I, 0 +
V I

2
cos ϕI

� �
, ð4Þ

N rel, II =N II, 0 +
VII

2
cos ϕI +π +Δϕ

� �
, ð5Þ

whereN j, 0 is theoffset population,V j the visibility andΔϕ=ϕII−ϕI the
differential phase betweenbothMZIs. The additional phase ofπ for the
second interferometer is due to the fact that the input for this inter-
ferometer is an atom cloud in the momentum state 2ℏk rather
than 0ℏk.

In a noisy environment, such as the ISS, it is hard to extract the
phase of a single interferometer independently, which is why we
consider the correlated data sets and fit both model functions,
Eqs. 4 and 5, simultaneously to the data. Consequently, there arefivefit
parameters which for convenience we stack into the parameter vec-
tor θ= N I, 0,V I,N II, 0,V II,Δϕ

� �T .
In order to obtain the optimal values for these parameters we

perform a nonlinear least square optimization based on the loss
function

LðθÞ= 1
Ndata

XNdata

k = 1

min
l = 1, ...,Ndisc

Δ2
k, l +

1
Ndisc

XNdisc

l = 1

min
k = 1, ...,Ndata

Δ2
k, l : ð6Þ

Here, Ndata is the number of experimental data points and Ndisc is the
number of points used to discretize the model functions N rel, I and
N rel, II for equally distributed valuesϕI∈ [0, 2π]. The distance between
the individual experimental data points and the discretized points of
the ellipse is given by the matrix entries Δk,l. Hence, the loss function,
Eq. 6, is determined both by the minimum distance between each
experimental data point and the nearest point of the model functions
(first sum) as well as the minimum distance between each discretiza-
tion point and its nearest experimental data point (second sum).

This loss function approach ensures that closely clustered data
points are not mistakenly identified as parts of a larger ellipse, parti-
cularly when these points cover only a small segment of the fitted
ellipse’s total circumference. Furthermore, the method takes into
account the uneven spacing of measurement points due to the
position-dependent curvature of an ellipse. This consideration pre-
vents regions of lower curvature, wherepoints are less densely packed,
from being underweighted, thus avoiding an inaccurately narrow fit
for the ellipse. This aspect is especially critical for data that is strongly
correlated (Δϕ ≈ 0) or anti-correlated (Δϕ ≈ π), where there is a risk of
the data being erroneouslyfitted to a very large ellipse representing an
effectively straight line in the correlation plot.

Another effect has to be taken into account for strongly corre-
lated (Δϕ ≈ 0) or anti-correlated (Δϕ ≈ π) data as well. In the ideal case,
a vanishing differential phasewould lead to data populating a diagonal
in the correlation plot. However, in the presence of detection noise,
the experimental data is spread around this diagonal, such that any
ellipse fit would yield a non-zero Δϕ value because a slightly opened
ellipse fits the data better and minimizes the loss function. Hence, it is
inherently hard for ellipse fitting techniques to distinguish between
truly non-zero differential phase values and vanishing differential
phases21,58–60,76. As a consequence,we extend the errorbars to include0
if the differentiation cannot be done reliably. The same holds true for
values close to π. The data shown in Fig. 3a–c illustrate this point. On
the one hand, in Fig. 3a the points form a slightly opened ellipse with
no points populating its center, yielding a truly non-zero differential
phase. On the other hand, in Fig. 3c, this assessment cannot be done
reliably.

In principle, the problems associated with Δϕ ≈ 0 or Δϕ ≈ π could
be solved through a suitable frequency shift of the detuningΔ fromthe
excited state for theπ-pulse. Thismethod,whichwas proposed in ref.66

to compensate for the effects of gravity gradients and has been suc-
cessfully demonstrated in gravity gradiometrymeasurements77 as well
as tests of the universality of free fall8,78, can also be exploited to add an
artificial contribution to the differential phase shift, as done in ref.79. In
our case, however, the separation between the two interferometers is
about a hundred times smaller (0.3mm compared to 3 cm), and the
relevant interferometer times are shorter by a factor of 2 or more. The
required frequency jump of the detuning Δ for the π-pulse is inversely
proportional to the separation and the square of the interferometer
time, and it is therefore 400 times higher or more in our case, which
amounts to a frequency shift of order 102 GHz and is not a viable option
with our setup.

The visibilities of both interferometers are obtained through the
same ellipse fitting procedure and correspond to the maximum ver-
tical and horizontal extent of the ellipses. The results shown in Fig. 3d
reveal decreasing visibilities for growing interferometer times until the
small visibilities significantly impede the differential phase determi-
nation, reflected in increasing uncertainty of the differential phase. For
the 2T = 24.3ms campaign, the visibility of MZI-II drops below 0.15,
rendering the phase estimation unreliable, such that we are not con-
sidering the outcome of this campaign for further quantitative
analysis.

Experimental correlation data for the differential MZI withmF = 0
atoms as well as for the differential butterfly geometry with mF = 2
atoms are shown in Supplementary Fig. S3. In these cases, all ellipses
are rather elongated, and a clear differentiation between zero and non-
zero differential phase values could not be done, such that the error
bars include zero differential phase in all campaigns.

Due to the non-differentiability of the loss function L(θ), the
Hessian or curvature matrix, which at the optimum parameters θ* is
proportional to the inverse of the covariance matrix, cannot be
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obtained analytically. Numerical approximations of the Hessianmatrix
at the optimum show limited robustness to slight variations in the
values of the optimal parameters, making the precise determination of
error and confidence bounds challenging. In order to nevertheless
estimate the parameter errors properly, we perform a bootstrap ana-
lysis of the correlated experimental data Nrel,I and Nrel,II. For this pur-
pose, we sample a number ofNBS datasets by drawingNdata data points
with replacement from the experimental data. Next, we fit the model
functions Eqs. 4 and 5 again to each of the NBS synthetically generated
bootstrap data sets and obtain the optimal parameters in each case.
The resulting statistical distribution of the five fit parameters θ is then
analyzed for measures like the standard deviation or confidence
intervals, where the 1σ-confidence bounds obtained in this way are
used as the experimental uncertainties in determining the differential
phase Δϕ. Exemplary histograms for the bootstrap analysis of differ-
ential interferometers with interferometer times 2T = 2.3, 10.3, and
20.3ms are shown in Supplementary Fig. S4.

Phase determination including potential contributions beyond
second order
The treatment presented in themain text assumes instantaneous laser
pulses and quadratic magnetic potentials. We have also performed a
more general modeling, which we summarize in this section.

On the one hand, we have modeled the effects of finite pulse
duration (taking into account the actual Rabi frequencies and two-
photon frequency detunings employed for each pulse) by solving the
Schrödinger equation that governs the evolution of the atomic wave
packets during each pulse and includes the optical potential asso-
ciatedwith the laser field. Our treatment extends the results63 for finite
pulse duration. Furthermore, in order to include the effects of finite
pulse durations in treatments for gravity gradients that originally
assumed instantaneous pulses, we consider the freely falling frames
co-moving with the mid-point trajectory of each interferometer80.

On the other hand, we have considered the effects of potential
contributions beyond secondorder. Here, we show themorecomplete
phase terms and later justify our simplifications. Including gradients
up to third order, we write the potential along the Bragg beam direc-
tion z0 as

V =V0 +m �a0 z
0 +

Γ0
2

z02 � γ0
6

z03
� �

ð7Þ

with a potential offset V0, the mass m of a 87Rb atom and the uniform
accelerationa0, accelerationgradient Γ0 and acceleration curvature γ0.
The phase of a MZI in a quadratic potential has been calculated in a
number of references64–66,81,82 and the result is given by

ϕMZI=keff =aT
2 � v0 + vrec

� �
ΓT3 � 7

12
aΓT4 +O Γ2

� �
ð8Þ

with the pulse separation time T, the single-photon recoil velocity vrec,
and the position (velocity) z0 (v0) of the atoms entering the
interferometer. We now expand up to second order the full potential
including the acceleration curvature γ for the two spatially separated
MZI-I andMZI-II with initial positions zI0, z

II
0 and initial velocities vI0, v

II
0,

respectively. In this description, we choose the initial velocities to
describe the lower path for both interferometers and post-process the
experimental data to handle the π phase shift due to different initial
momentum states. This yields the following local accelerations and
acceleration gradients, respectively:

aj =a0 � Γ0zj +
1
2
γ0z

2
j , Γj = Γ0 � γ0zj: ð9Þ

Inserting those into Eq. 8 and calculating the differential phase
between MZI-I and -II yields:

ΔϕMZI=keff =ϕMZI�II � ϕMZI�I

= �ΔzΓ0 +
1
2
Δz Δz + 2zI0

� �
γ0

	 

T2

� Δv Γ0 � Δz ðvI0 + vrecÞ � Δv ðΔz + zI0Þ
� �

γ0
� �

T3

+
7
12

Δz a0γ0T
4

+O Γ2, γ2, Γγ
� �

ð10Þ

with the differential position (velocity) Δz (Δv) between both MZIs.
The butterfly interferometer phase in a quadratic potential is

given by ref. 83

ϕBFI=keff = 2 v0 + vrec
� �

ΓT3 + 4aΓT4 +O Γ2
� �

: ð11Þ

Inserting the locally evaluated terms from Eq. 9 into Eq. 11 yields the
differential BFI phase:

ΔϕBFI=keff =ϕBFI�II � ϕBFI�I

=
1
4

Δv Γ0 � Δz ðvI0 + vrecÞ+Δv ðΔz + zI0Þ
� �

γ0
� �

T3

� 1
4
Δz a0γ0T

4

+O Γ2, γ2, Γγ
� �

ð12Þ

where, in contrast to some literature, we used the nomenclature from
the main part of our paper where one butterfly interferometer takes a
total time of 2T.

The differential butterfly with the longest interferometer time
2T = 20.5ms measured a differential phase of ΔϕBFI = 0:22+0:1

�0:22 rad. As
this differential phase result includes zero, we evaluate an upper
bound for the acceleration curvature γ0. For this purpose, we require
knowledge about the other terms contributing to the differential BFI
phase in Eq. 12. The kinetic properties can be calculated based on our
preparation sequence and considering the dynamics determined by
Eq. 7. We have quantified the acceleration acting on the mF = 2 atoms
with a COM time-of-flight measurement as a0 = (0.11 ± 0.02)m s−2. As
an approximation for the acceleration gradient, we use the measure-
ment result from the differential MZI with mF = 2 atoms,
∣Γ∣ = (39.46 ± 0.02) s−2. Taking into account all possible signs of Γ0, γ0,
we obtain a maximal region of compatible third-order potential con-
tributions of jγmax

0 j≤ 1:73 × 104 m�1 s2.
We fitted the complete phase model shown in Eq. 10 to our dif-

ferential MZI data shown in Fig. 4, using as unconstrained parameters
both the acceleration gradient Γ0 and the acceleration curvature γ0.
Although this completemodel is fitting the data well, too, we obtain an
inconsistent third-order contribution an order of magnitude larger
than our bound γmax

0 . We thus conclude that the experimental data
spread shown in Fig. 5 when using a purely second-ordermodel cannot
be sensibly explained by higher-order contributions. To avoid incor-
rectly fitting unknown effects or drifts in the potential landscape, we
refrain from using third-order potential contributions. Wemake a final
simplification to neglect the term ΔvΓ0T

3 ≪ΔzΓ0T
2, being more than

two orders of magnitude smaller for our experimental parameters.

Data availability
All NASA CAL raw data used in this study is publicly available through
the NASA Physical Sciences Informatics (PSI) website84. The processed
data shown in the figures and generated in this study are provided in
the Source data file. Source data are provided with this paper.
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