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We demonstrate an atom interferometer measurement protocol compatible with operation on a
dynamic platform. Our method employs two open interferometers, derived from the same atomic
source, with different interrogation times to eliminate initial velocity dependence while retaining
precision, accuracy, and long term stability. We validate the protocol by measuring gravitational
tides, achieving a precision of 4.5µGal in 2000 runs, marking the first demonstration of inertial
quantity measurement with open atom interferometry that achieves long-term phase stability.

Atom interferometers, through their high precision [1–
5], accuracy [6–9], and stability [10–13], hold tremendous
promise as sensors for Earth and climate science [14],
geodesy [15–23], mineral exploration [24, 25], groundwa-
ter mapping and monitoring [26], navigation [13, 27–32],
planetary exploration [33], and space-based fundamental
physics tests [34–39]. All require laboratory-grade per-
formance in the field, on dynamic mobile platforms. This
is a significant challenge and one that motivates this Let-
ter.

In three-pulse (π/2-π-π/2) ‘closed’ atom interferom-
etry, the most widespread measurement protocol, mat-
terwaves in the two arms of the interferometer perfectly
overlap in position and momentum space at the output
beamsplitter, and the interferometer phase is inferred
from the population difference between the two interfer-
ometer outputs [40]. These schemes are straightforward
to implement in a stable laboratory, but they perform
poorly in the presence of platform acceleration and rota-
tions, which can prevent perfect closure of the interfer-
ometer and lead to degradation of the sensor sensitivity
and accuracy [41]. Furthermore, inference of the inter-
ferometer phase in general requires multiple interferom-
eter measurements [42], resulting in a trade-off between
sensor measurement rate (i.e. bandwidth) and accuracy,
which is undesirable for mobile sensing in dynamic envi-
ronments.

Open atom interferometry is an alternative measure-
ment protocol where the atomic matterwaves in the two
arms of the interferometer are mismatched in position
and momentum space at the final beamsplitter – ei-
ther deliberately or through platform dynamics – result-
ing in spatially-dependent interference patterns (‘spatial
fringes’) in the atomic density that encode the interfer-
ometer phase [43–45]. The interferometer phase is ex-
tracted from a single image of the atomic density, en-
abling higher bandwidth acquisition and robustness to
changes in the fringe bias and contrast – both significant
advantages for mobile operation.

However, open atom interferometers suffer two main

limitations: first, a stable phase reference for the spatial
fringe pattern is required; and second, the interferometer
phase depends on the initial atomic velocity, which can-
not be perfectly controlled in a dynamic setting. Thus,
open atom interferometry has been limited to highly-
controlled laboratory settings [43–48] or to differential
measurements where a phase reference is unnecessary
and initial-velocity dependence can be cancelled exactly
[49]. A notable exception is Ref. [35], which reported an
open atom interferometry demonstration in microgravity;
however, only contrast measurements were reported due
to the lack of a stable phase reference [50]. Reference [45]
showed that an arbitrary pixel on the imaging camera can
be used as a phase reference, which allowed an open in-
terferometer to measure a gravitationally-induced phase.
However, such a lab-frame reference was unstable on long
timescales due to drifts in the camera location relative to
the atomic source, making this approach unsuitable for
mobile operation on dynamic platforms.

In this Letter, we report on the first demonstration
of open interferometry with long-term phase stability for
measuring gravity. Our approach employs a dual inter-
ferometric scheme where two open atom interferometers
with differing interrogation times are generated from the
same atomic source and measured simultaneously. The
resulting differential phase is independent of initial ve-
locity contributions, allowing the interferometer to retain
sensitivity to extrinsic fields and eliminating the require-
ment for an arbitrary (external) phase reference. We
demonstrate the efficacy of our method by monitoring
gravitational tides over a period of 30 hours using a Bose-
condensed atomic source over a drop distance of 23 cm,
and achieving a precision of 4.5 µGal in approximately
2000 shots. Our demonstration solves key challenges that
have limited the widespread adoption of open interfer-
ometry, paving the way for future open interferometry
experiments with mobile devices on dynamic platforms.

Open interferometry— Imperfect mode overlap at the
output beamsplitter results in an open atom interferome-
ter. In our work, this is achieved through temporal asym-
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metry δT in the Mach-Zehnder (MZ) pulse sequence,
such that T is the time between the first beamsplitter
and the mirror, and T + δT is the time between the mir-
ror and the second beamsplitter. For ideal 2n-photon
Bragg pulses [3, 51, 52] and average momentum n̄ℏk, this
asymmetry gives rise to a phase shift [53]:

ϕ =(2nkg − α)(T 2 +
1

2
δT 2 + 2TδT + Texp δT )

+ n(4n̄ωr + 2kv0 − δ0)δT, (1)

where k = 2π/λ is the wavenumber of the light pulse (λ ≈
780 nm for the D2 transition of 87Rb), ωr = ℏk2/(2m) is
the atomic recoil frequency, g is the acceleration due to
gravity, v0 is the initial atomic velocity at trap release,
and Texp is the duration between the release of the cloud
from the trap and the first pulse. To remain on reso-
nance, the two photon detuning is changed according to
δ(t) = δ0 + αt assuming a value of δ0 at trap release and
a frequency chirp rate α. The key observation is that the
contribution to the phase from the initial velocity and
from gravitational acceleration accrue at different rates,
allowing them to be separated with an appropriate mea-
surement protocol.

The phase of the interferometer is encoded in the spa-
tial structure of the matterwave outputs, since velocity
maps to position at long times, allowing readout while
the outputs are still overlapped. This is a critical fea-
ture for mitigating readout delays in Bragg-based inter-
ferometry [45]. However, using a camera pixel as the
reference for phase extraction compromises both phase
accuracy and stability, as does the initial velocity depen-
dence of open interferometry. Shot-to-shot fluctuations
in the cloud’s average initial velocity and reference-frame
position reduce the precision and stability of the sen-
sor. Furthermore, long-term drift due to changes in the
reference-frame location leads to biases that further com-
promise phase accuracy [37]. To mitigate the effects of
initial velocity, potential strategies include precise pre-
release control of the atoms to minimize the initial ve-
locity or implementing a feedback system which could be
used to either assess or mitigate the effects of initial ve-
locity. Both strategies, while effective, pose substantial
implementation challenges, especially for dynamic oper-
ations.

Dual open interferometry.— Our approach employs a
Bragg-based dual open interferometer, as shown in Fig. 1.
In this configuration, a signal interferometer of duration
2Tsig + δT accrues phase ϕsig due to both the initial ve-
locity and gravitational acceleration. This is paired with
a reference interferometer characterized by a shorter to-
tal duration 2Tref + δT , primarily sensitive to the ini-
tial velocity phase and, to a lesser extent, gravitational
acceleration. By subtracting the phase measurement
of the signal interferometer from that of the reference,
∆Φdual = ϕsig − ϕref, we effectively cancel out the initial

velocity effect and address the issue of the moving refer-
ence in the atom frame. This enables operation with a
phase reference that is both fixed and well-defined in the
atoms’ frame. Specifically [53],

∆Φdual = (2nkg − α)
(
T 2

sig − T 2
ref + δT∆Tsep

)
+ φ, (2)

where ∆Tsep = (Tsep,ref−Tsep,sig) is the difference in sep-
aration times, i.e. the interval between the last interfer-
ometer pulse and the imaging pulse for each interferom-
eter. An additional phase φ may be present depending
on the timing of the reference interferometer relative to
the signal interferometer; if the reference interferometer
occurs wholly before or after the signal interferometer
then φ = 0 [53]. Apart from g, all parameters in Eq. (2)
are either known exactly or can be locked to arbitrary
precision.

Experiment.— We implemented the scheme illustrated
in Fig. 1 using the laboratory-based atom interferom-
eter previously reported in Refs. [4, 45, 54]. The ex-
periment, spanning approximately 23 cm (216ms drop),
begins with the production of a 87Rb Bose-Einstein con-
densate (BEC) in a crossed optical-dipole trap with ∼106

atoms in the |F = 1,mF = −1⟩ state. Upon release
from the trap, the atoms undergo 10ms of freefall be-
fore being transferred to a magnetically-insensitive state
|F = 1,mF = 0⟩ using a microwave pulse sequence. This
is followed by 57.05ms of expansion time to reduce mean-
field energy and relocate the interferometry sequence
away from strong stray magnetic fields caused by the
ion pump. A splitting pulse then divides the initial BEC
into two atom clouds in distinct momentum states to
form separate interferometers. This differentiation is key
for ensuring that each interferometer can be addressed
independently. In our setup, the reference interferome-
ter cloud is transferred from |0ℏk⟩ to |−4ℏk⟩ and operates
between |−4ℏk⟩ and |−6ℏk⟩. Meanwhile, the signal inter-
ferometer operates between |0ℏk⟩ and |2ℏk⟩. Both initial
clouds are then subjected to asymmetric MZ interferom-
eter configurations with Tsplit = 0.5ms, Tsig = 70 ms,
Tref = 1 ms, and δT = 0.45ms (see Fig. 1), implemented
via Gaussian pulses of FWHM durations of 40 µs and
a one-photon detuning of approximately −5.5GHz. A
short Tref ensures that the reference interferometer phase
has a large contribution due to the initial velocity phase
(relative to the gravitational phase). The reference in-
terferometer contains ∼ 40% of the total atom number
in order to maintain an initial velocity sensitivity equiv-
alent to the signal interferometer. After the interferome-
ter sequences complete, the spatial density distributions
of the signal and reference interferometers are measured
concurrently after separation times of 8 ms and 8.05 ms,
respectively [55]. The total drop time of both interferom-
eters is identical: Tdrop = 2T + δT + Tsep + Tsplit + Texp.

Phase extraction and referencing.— The temporal
asymmetry δT results in a spatial fringe pattern in the
atomic density at each interferometer output. Both the
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(a) 

(b) 

FIG. 1. (a) Space-time diagram illustrating the dual open
interferometry scheme. The atom cloud is released from the
trap and after expansion time Texp a splitting pulse prepares
two distinct atom clouds, each diverging into unique momen-
tum states to form their own independent interferometers.
Following a brief period Tsplit, the signal interferometer se-
quence begins, which spans total duration 2Tsig + δT . Con-
currently, the reference interferometer undergoes a longer ex-
pansion time followed by a relatively short interferometry se-
quence. The spatial density distributions of the signal and
reference interferometers are measured simultaneously after a
short separation times which differs slightly for the two inter-
ferometers, since the final beam splitting pulses for the signal
and reference interferometers are generated sequentially. (b)
Vertical 1D atomic density measurement of both the reference
and signal interferometer, extracted by summing a single 2D
absorption image (insert shown in top right of (a)) in the
horizontal direction and showing the spatial fringe patterns
at both interferometer outputs.

signal and reference interferometer fringes have a spa-
tial frequency λfringe = πTdrop/(2kδT ) and are offset in
phase by ϕsig and ϕref, respectively [56]. We extract these
phases using absorption imaging with a CCD camera [57],
simultaneously capturing images of both interferometers’
output on a single frame (see Fig. 1 (b)) and fitting to
each fringe a Gaussian envelope with a sinusoidal modu-
lation [53].

Imaging both interferometers on a single frame pro-

vides the crucial common phase reference needed to
maintain a constant relative phase, since any change in
phase affecting one interferometer similarly impacts the
other. Without this, phase referencing is highly suscep-
tible to displacements in the camera pixel, and there-
fore to vibrations and temperature changes. In a sta-
ble lab setting, where noise and vibrations can be con-
trolled or minimized, pixel referencing becomes less prone
to shot-to-shot variations, and is mainly susceptible to
slow temperature-induced changes over extended peri-
ods. However, on dynamic platforms subjected to in-
tense environmental conditions, where rapid and signif-
icant temperature changes and vibrations are present,
these factors could introduce a significant bias. For in-
stance, the combined effects of large and rapid tempera-
ture changes with vibrations can easily lead to displace-
ments in the interferometer pixel reference as large as
∼ 60 µm, resulting in an erroneous phase shift of up to
2 rad (2500 µgal in our experiment), underscoring the ef-
fectiveness of our method.

Short-term phase stability.— To demonstrate short-
term stability, we performed a series of phase measure-
ments as shown in Fig. 2 (a). We extracted the phases of
the reference interferometer and the signal interferometer
over a ∼45min data run (220 shots). Subtracting the sig-
nal phase from the reference interferometer phase, we cal-
culated the dual open interferometer phase. While both
the reference and signal phases exhibit significant run-
to-run fluctuations, the fluctuations are correlated (cor-
relation coefficient of 0.88) and are significantly reduced
on subtraction. This method demonstrates a twofold im-
provement in phase stability compared to the signal in-
terferometer alone.

Long-term phase stability.— Fluctuations in initial ve-
locity and phase reference over long periods, which do
not average to zero, introduce bias, degrading the long-
term stability and accuracy of the interferometer. To
demonstrate our method’s long-term phase stability and
its ability to counteract these biases, we tracked tidal
variations in local gravity over a 30-hour period, tak-
ing measurements every 12 seconds. The procedure for
measuring phase is detailed in Figs. 2 (b-c-d). Figures 2
(b) and (c) display phase data for the reference and sig-
nal interferometers, respectively, each smoothed with an
800-point moving average. Fig. 2 (d) illustrates the dual
interferometer’s phase reconstruction, achieved by sub-
tracting the reference phase from the signal phase and
then applying the same moving average.

Our gravity measurements, taken during a king tide,
were anticipated to yield a symmetrical tidal phase pro-
file. Yet, the signal interferometer erroneously exhibited
strong asymmetry, indicative of a neap tide. In contrast,
the dual interferometer consistently revealed a symmet-
rical pattern, aligning with the expected profile of a king
tide. This qualitative analysis clearly demonstrates the
impact of long-term drifts, and importantly, showcases
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FIG. 2. (a) Short-term phase stability measurements for the
dual interferometer (yellow circles) compared to the individ-
ual signal (red crosses) and reference (green stars) interferom-
eter measurements. Data from each interferometer are offset
for visual clarity in the figure. The dark grey shading in-
dicates the standard deviation for each interferometer data.
(b)-(d) 800-point moving average of reference, signal, and dual
interferometer phase measurements obtained over ∼ 30 h du-
ration. (e) Comparison of the solid Earth tide (black line),
dual interferometer (yellow circles) and signal interferometer
(red crosses) with data averaged over 1 hour bins. (f) Resid-
uals resulting from subtracting the solid Earth tide from the
measurements of both interferometers. The standard error
of the residuals for the dual interferometer (dark shading) is
2.5× smaller than for the signal interferometer (light shad-
ing).

the dual open interferometer’s ability to correct for these
long-term drifts observed in the signal interferometer.

In Figures 2 (e-f), we compare our measurements to a
solid Earth tides model and ocean loading [58] with each
data point representing a one hour average. As seen in
Fig. 2 (e), the signal interferometer, which uses a fixed
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FIG. 3. Allan deviations of the gravitational acceleration
signal corrected for the solid Earth tide are shown for the
dual interferometer (yellow circles), signal interferometer (red
crosses), reference interferometer (green stars), and a closed
MZ interferometer (blue squares). The closed MZ operates
at shorter interrogation time T = 15ms, necessary to obtain
resolvable output ports within the 23 cm height constraints
of our experiment. The dashed black line plots 1/

√
τ scaled

by the single-shot sensitivity of the dual interferometer. Each
run is approximately 12 s.

pixel as a reference, shows some alignment with the tidal
model but also reveals observable drifts. Conversely, the
dual interferometer exhibits excellent agreement with the
tidal model, with a standard error of the residuals of
8.6 µGal. The residuals in Fig. 2 (f) of the dual open in-
terferometer against the tidal model showcase over 2.5×
improvement compared to the signal interferometer.

To further assess the overall phase stability of our
scheme, we performed an Allan deviation analysis [59]
on the different interferometer measurements. As shown
in Fig. 3, both the signal and dual interferometers ex-
hibit similar single-shot sensitivities of approximately
200 µGal, with the dual interferometer slightly better by
less than 10 µGal. For short integration times (around
10-20 runs), both interferometers’ sensitivities follow a
trend proportional to 1/

√
τ . This observation is consis-

tent with Ref. [45], who reported comparable phase sta-
bility using a pixel reference over tens of runs, each with
a 12 s duty cycle. Beyond this timescale, the signal inter-
ferometer begins to drift, whereas the dual interferometer
keeps integrating along the 1/

√
τ trend, to reach a sensi-

tivity of 4.5µGal in approximately 2000 runs, compared
to 21 µGal for the signal interferometer. Given there is
no deviation in the 1/

√
τ scaling of the dual interferom-

eter, it is possible that long-term stability is maintained
beyond the ∼ 30 h data collection period, which if true
would have allowed a precision exceeding 4.5µGal.

Additionally, we conducted measurements with a
closed MZ interferometer under similar height constraints
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to demonstrate our technique’s superiority in mitigating
Bragg readout delays. Such readout delays occur due to
the requirement for the two interferometer modes to spa-
tially separate and be distinguishable when imaged [45].
With the same expansion and drop times, and sufficient
time to separate the output ports of the interferometer,
we were only able to achieve a closed interferometer with
T = 15ms. Comparing the dual open interferometer to
the closed MZ Allan deviation shows a sixfold improve-
ment in single-shot sensitivity, highlighting the advan-
tage in mitigating Bragg readout delay. Our protocol,
enhanced by recent advancements in large momentum
transfer [60, 61], sets the stage for developing Bragg-
based atom interferometers that integrate large momen-
tum transfer techniques, enabling highly-sensitive, com-
pact, and mobile quantum sensors. Other strategies ex-
ist to mitigate the readout delay in Bragg-based atom
interferometry, such as Bloch separator pulses [62] and
Raman labelling [63] [64]. These can significantly im-
prove sensitivity for a given size device. However, these
techniques rely on velocity-selective pulses to select one
of the output port momentum states, and thus can fail in
noisy and dynamic environments. Specifically, they are
prone to cross-coupling between the momentum states
during the separation of the output states. The oper-
ation of these pulses demands a stable environment to
ensure the correct momentum state is selected without
cross-couplings. A failure in achieving this precise selec-
tion results in phase errors. In contrast, our method does
not rely on separating the output ports with velocity-
selective light pulses and therefore is not subject to such
environmental constraints.

Conclusion and Outlook.— The dual open interferom-
eter scheme we have introduced represents a significant
step forward in the field of open atom interferometry,
marking the first demonstration of long-term stability
in an open configuration. Our method enabled con-
tinuous monitoring of local gravity and its tidal varia-
tions over a nearly 30-hour period. Conducted within a
height of 23 cm, this allowed interferometer times about
4.5 times longer than those achievable with a closed
Bragg MZ interferometer, leading to a sixfold improve-
ment in single-shot sensitivity for the same device size.
The ability of our approach to consistently extract phase
data in every run makes it particularly useful for dy-
namic and mobile applications, where additional mea-
surements needed to measure interferometer contrast are
often impractical. This attribute is equally beneficial for
long-drop experiments constrained by limited operational
runs, circumventing the need for extensive phase recon-
struction processes. Although our demonstration used a
Bose-condensed source, this was a choice of convenience
rather than necessity; we expect dual open interferome-
try to be performant for cold thermal sources. Indeed,
dual open interferometry should provide robustness to
velocity-spread effects that degrade contrast in closed MZ

interferometers.

The use of a reference interferometer in our setup ef-
fectively addresses issues of unreliable phase referenc-
ing due to initial velocity fluctuations and environmen-
tal changes. This development opens avenues for a
wide range of applications in open interferometry. For
instance, it could enable shot-noise limited operation
in a wider range of cold-atom sensors, expanding the
use-cases of existing devices [9, 31] and further en-
abling metrologically-useful demonstrations of quantum-
enhanced gravimetry in both laboratory and mobile set-
tings [65, 66]. Future work would aim to validate our
approach in mobile cold-atom devices on dynamic plat-
forms, and also for measurement of other quantities. In-
deed, the versatility of our scheme allows it to be em-
ployed for measurements of rotations, gravity gradients
and magnetic field gradients and curvature, potentially
all in a single run. Thus, our work not only marks a sig-
nificant step in open atom interferometry but also lays
the groundwork for the development of versatile, all-in-
one quantum sensors [67].
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Supplementary Material: A Dual Open Atom Interferometer for Compact, Mobile
Quantum Sensing

In this supplemental material we provide (1) a derivation of the phase for an open Mach-Zehnder Bragg-pulse atom
interferometer, (2) a derivation of the phase for our dual open interferometer scheme, and (3) the explicit form of the
fit used to extract the phase from our spatial fringe absorption images.

DERIVATION OF OPEN MACH-ZEHNDER INTERFEROMETER PHASE SHIFT, EQ. (1)

The interferometer described in the main text uses two-photon Bragg transitions to coherently couple different
momentum states of individual atoms while leaving the internal state unchanged. For counter-propagating lasers with
a mean wavenumber k and frequency difference δ, the temporal evolution of the position-space wavefunction ψ(x, t)
in one dimension is [68,69]

iℏ
∂ψ(x, t)

∂t
= − ℏ2

2m

∂2ψ(x, t)

∂x2
+ ℏ

(
Ωe2ikx−iδt +Ω∗e−2ikx+iδt

)
(S.3)

for two-photon Rabi frequency Ω. Note that we have neglected the AC Stark shift as it is common to all momentum
states. Changing variables (x→ x− δt/(2k)), and transforming to momentum space, we have

iℏ
∂ψ(p, t)

∂t
=

[
p2

2m
− δ

2k
p

]
ψ(p, t) + ℏΩψ(p+ 2ℏk, t) + ℏΩ∗ψ(p− 2ℏk, t), (S.4)

which shows that the counter-propagating laser beams couple momentum states that differ by 2ℏk. Defining coefficients
cn(t) ≡ ψ(p+ 2nℏk, t), we obtain a system of coupled equations

iċn(t) =

[
ℏ−1

(
p2

2m
− δ

2k
p

)
+ 4n2ωr + n

(
2kp

m
− δ

)]
cn(t) + Ωcn+1(t) + Ω∗cn−1(t), (S.5)

where ωr = ℏk2/(2m) is the recoil frequency. The effective detuning for transitions between initial momentum state
|p+ 2niℏk⟩ and final momentum state |p+ 2nfℏk⟩ is then

ξ = n (4n̄ωr + 2kv − δ) (S.6)

with v = p/m, and where we have defined n = nf −ni as the momentum transfer order and n̄ = nf +ni such that n̄ℏk
is the average imparted momentum. For gravimetry, δ is typically parametrized as δ = δ0 +αt, where δ0 is the initial
detuning and α is a frequency sweep rate. For atoms falling under gravitational acceleration g, v(t) = v0 + gt, which
means that in order to remain close to resonance we require α = 2kĝ, where ĝ is an estimate of g. The time-dependent
atom-light detuning is then

ξ(t) = 2nkδg t+ n (4n̄ωr + 2kv0 − δ0) , (S.7)

where δg = g − ĝ is the error in the estimate of gravity.
We now assume we have an open Mach-Zehnder interferometer with a π/2-π-π/2 pulse sequence where pulses occur

at times T1 = Texp, T2 = Texp+T , and T3 = Texp+2T + δT , where T is the interrogation time and δT is the temporal
asymmetry. Neglecting phase evolution during the pulses, the phase shift after the pulse sequence is

ϕ =

∫ T3

T2

ξ(t)dt−
∫ T2

T1

ξ(t)dt

= 2nkδg

(
T 2 + 2TδT +

1

2
δT 2 + TexpδT

)
+ n (4n̄ωr + 2kv0 − δ0) δT, (S.8)

where the gravitationally-induced phase scales with the momentum transfer 2nℏk, and the temporal asymmetry
introduces phase sensitivity to the velocity of the atoms at the first pulse, v(Texp) = v0 + gTexp. The initial two-
photon detuning is chosen to eliminate the second term in Eq. (S.8), i.e. δ0 = 4n̄ωr +2kv̂0, where v̂0 is an estimate of
the initial velocity, and is typically but not necessarily v̂0 = 0. The sensitivity of the interferometer phase to initial
velocity has two effects. First, ensembles with a spread in initial velocities will acquire velocity-dependent phase shifts
that map to a position-dependent phase shift after ballistic expansion, giving rise to spatial fringes which can be used
for enhanced readout as detailed in the main text. Second, the interferometer phase can change in response to changes
in the mean velocity of the sample that are uncompensated by corresponding changes in the estimate v̂0, which is
typically a fixed value.
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DERIVATION OF DUAL OPEN INTERFEROMETER PHASE SHIFT, EQ. (2)

The dual open interferometry method eliminates the sensitivity to changes in the mean initial velocity by generating
two interferometers from the same initial source that have different interferometer times. Suppose that we have one
interferometer, denoted the signal intererometer, with interferometer time Tsig and average momentum order n̄sig, and
a second interferometer, denoted the reference interferometer, with interferometer time Tref and average momentum
ordern̄ref. The momentum transfer order n is assumed to be the same. We start by assuming that the reference
interferometer occurs entirely after the signal interferometer is finished; i.e., the first π/2 pulse of the reference
interferometer occurs after the last π/2 pulse of the signal interferometer. We further assume that the outputs of
both interferometers are measured at the same total drop time Tdrop which implies the following relationship

Tdrop = Texp,sig + 2Tsig + δT + Tsep,sig = Texp,ref + 2Tref + δT + Tsep,ref, (S.9)

for initial π/2 pulse times of Texp,sig (signal) and Texp,ref (reference), and similarly for the separation times Tsep,sig
and Tsep,ref. We then have the following equality:

Tsep,sig − Tsep,ref = −2(Tsig − Tref)− (Texp,sig − Texp,ref). (S.10)

In order to resonantly address each interferometer, the detuning offsets δ(sig,ref),0 are

δ(sig,ref),0 = 4n̄(sig,ref)ωr + 2kv̂0 (S.11)

which share a common estimate of the mean velocity v̂0. The phase difference ∆Φdual = ϕsig − ϕref is then

∆Φdual = 2nkδg

[
T 2

sig − T 2
ref + (2[Tsig − Tref] + [Texp,sig − Texp,ref]) δT +

1

2
δT 2

]
(S.12)

+ n [(4n̄sigωr − δsig,0)− (4n̄refωr − δref,0)] δT

= 2nkδg
[
T 2

sig − T 2
ref − (Tsep,sig − Tsep,ref)δT

]
. (S.13)

Since the two interferometers are generated from the same source with the same initial velocity, the phase shift
associated with the initial velocity is cancelled by the subtraction of the two phases.

We now consider the situation where the reference interferometer occurs entirely prior to the end of the signal
interferometer, such that T2,sig < Texp,ref, T3,ref < T3,sig. In this case, the detuning of the laser must be changed
during the signal interferometer so that it resonantly addresses the reference interferometer. The atom-laser detuning
is then

ξ(t) = n [4n̄sigωr + 2kv0 + 2kgt− δ(t)]

= n [4n̄sigωr + 2kv0] + nkδgt− n


δsig,0, Texp,sig < t < Texp,ref

δref,0, Texp,ref < t < T3,ref

δsig,0, T3,ref < t < T3,sig

(S.14)

=


ξs(t), Texp,sig < t < Texp,ref

ξr(t), Texp,ref < t < T3,ref

ξs(t), T3,ref < t < T3,sig.

(S.15)

The phase of the reference interferometer remains unchanged, but the phase of the signal interferometer is different
from the previous situation where the reference interferometer occurs after the signal interferometer. The phase of
the signal interferometer is now

ϕsig =

∫ T3,sig

T2,sig

ξ(t)dt−
∫ T2,sig

Texp,sig

ξ(t)dt

=

∫ T3,sig

T2,sig

ξs(t)dt−
∫ T2,sig

Texp,sig

ξs(t)dt+

∫ T3,ref

Texp,ref

ξr(t)− ξs(t)dt (S.16)

where the last term is ∫ T3,ref

Texp,ref

ξr(t)− ξs(t)dt = n [δsig,0 − δref,0] (2Tref + δT )

= 4nωr [n̄sig − n̄ref] (2Tref + δT ). (S.17)
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The dual interferometer phase is then

∆Φdual = 2nkδg
[
T 2

sig − T 2
ref − (Tsep,sig − Tsep,ref)δT

]
+ 4nωr [n̄sig − n̄ref] (2Tref + δT ) (S.18)

where the second term in Eq. (S.18) is due to the frequency change during the signal interferometer.

FIT USED TO EXTRACT PHASE FROM THE SPATIAL FRINGE PATTERN

As described in the main text, in each run the two interferometers are imaged simultaneously onto a CCD camera
using absorption imaging, with both interferometer outputs captured within a single frame. This provides a 2D
column density; after integrating over the dimension transverse to the vertically-oriented interferometry beams, we
obtain a 1D atomic density distribution along the vertical direction. To extract the phases ϕsig and ϕref, we fit the
following function to this distribution:

f(z) = Aref exp

[
− (z − zref)

2

2σ2
ref

]
[1−Bref sin(kfringe (z − z0)− ϕref)] (S.19)

+ C +Asig exp

[
− (z − zsig)

2

2σ2
sig

]
[1−Bsig sin(kfringe (z − z0)− ϕsig)] , (S.20)

where Aref, Asig, zref, zsig, σref, σsig, Bref, Bsig, C, ϕref and ϕsig are free parameters. The spatial frequency of the fringes,
kfringe = nkδT/Tdrop, is known a priori, and in fact is used to calibrate the magnification of the imaging system
through multiple runs; afterwards, it remains fixed. The phase reference z0 can be set arbitrarily provide it is
identical for both clouds. Typically, we set z0 to the position at beginning of the measurement record.
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