This is a copy of the published version, or version of record, available on the publisher’s website. This

version does not track changes, errata, or withdrawals on the publisher’s site.

Matter-wave analog of a fiber-optic gyroscope

Katarzyna A. Krzyzanowska, Jorge Ferreras, Changhyun Ryu,
Edward Carlo Samson, and Malcolm G. Boshier

Published version information

Citation: KA Krzyzanowska et al. Matter-wave analog of a fiber-optic gyroscope.
Phys Rev A 108, no. 4 (2023): 043305

DOI: 10.1103/PhysRevA.108.043305

This version is made available in accordance with publisher policies. Please cite only
the published version using the reference above. This is the citation assigned by the
publisher at the time of issuing the APV. Please check the publisher’s website for
any updates.

This item was retrieved from ePubs, the Open Access archive of the Science and Technology
Facilities Council, UK. Please contact epublications@stfc.ac.uk or go to http://epubs.stfc.ac.uk/ for

further information and policies.



https://doi.org/10.1103/PhysRevA.108.043305
mailto:epublications@stfc.ac.uk
http://epubs.stfc.ac.uk/

PHYSICAL REVIEW A 108, 043305 (2023)

Matter-wave analog of a fiber-optic gyroscope

Katarzyna A. Krzyzanowska,' Jorge Ferreras®,"? Changhyun Ryu,' Edward Carlo Samson®,"3 and Malcolm G. Boshier
"Materials Physics and Applications Division, Los Alamos National Laboratory, Los Alamos, New Mexico 87545, USA

2Rutherford Appleton Laboratory, Didcot OX11 0QX, United Kingdom
3Department of Physics, Miami University, Oxford, Ohio 45056, USA

® (Received 27 July 2023; accepted 23 August 2023; published 10 October 2023)

Confining the propagating wave packets of an atom interferometer inside a waveguide can substantially reduce
the size of the device while preserving high sensitivity. We have realized a two-dimensional Sagnac atom
interferometer in which Bose-condensed ®’Rb atoms propagate within a tight waveguide formed by a collimated
laser beam, a matter wave analog of the fiber optic gyro. The condensate is split, reflected, and recombined with
a series of Bragg pulses while the waveguide moves transversely so that the wave-packet trajectories enclose an
area. Delta-kick cooling is used to prepare low-density atomic wave packets with a temperature of 3 nK. The
low density reduces the impact of interatomic interactions, while the low temperature limits the expansion of
the wave packet during the interferometer cycle. The effective enclosed area is 0.8 mm? with an average fringe
contrast of 20% and underlying contrast up to 60%. The main source of the reduced average contrast is phase
noise caused by mechanical vibrations of the optical components. We present a measurement of Allan deviation
for such an atom rotation sensor, showing that the interferometer phase noise falls with averaging time 7 as 7~!/2
for T up to 10 000 seconds. The statistical noise falls below the Earth rotation rate after 30 minutes of averaging.
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I. INTRODUCTION

Atom interferometers [1,2] have important applications in
fundamental science [3,4] and as accelerometers, gravimeters,
and rotation sensors [4,5]. The last rely on the Sagnac effect:
rotation at rate €2 of an atom interferometer whose arms en-
close area A creates a phase shift g5, = %SZ - A, where m is
the atomic mass [6]. While free-space atom interferometers
have demonstrated the high sensitivity of this technique [7],
their size must grow quadratically with interrogation time to
accommodate free-fall under gravity. This ultimate limitation
has motivated numerous efforts to confine propagating matter
waves in tight waveguides [8—15], analogous to light in the
fiber optic gyro (FOG) [16], to deliver long interrogation times
and large enclosed total area, and hence large sensitivity, in a
small physics package. These factors are especially important
for inertial navigation and other applications that require a
compact transportable rotation sensor.

An atom interferometer gyro’s performance limit is deter-
mined by its rotation sensitivity (proportional to the Sagnac
area A) and by the quantum projection noise set by the par-
ticle flux and measurement rate [17]. The Angular Random
Walk (ARW) of a shot noise-limited atom interferometer
1S Oarw = h/ZmAWﬁ, where N is the number of atoms
and v is the measurement rate. With a circular trajectory
for atoms moving with velocity v and a repetition rate lim-
ited by an interrogation time 7T, this expression becomes
Oarw = hirr /(2mv2T3/2/N). Typically, atom interferometers
can achieve a signal-to-noise ratio (SNR) of the order of
102, corresponding to the shot noise limit for N = 10* atoms
[18,19]. Improving the SNR further will require better atom
detection techniques and precise noise control, which are
immensely difficult for the current state of the art. For
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N = 10* atoms, a shot noise-limited 8’Rb atom interferometer
would need an interrogation time of 7 = 1.5 s to achieve the
ARW of 107#°4/h demonstrated by the best FOGs [20,21].
Much longer interrogation times of several seconds are of
course desirable to deliver even better performance. While
achieving such interrogation times for thermal atoms is chal-
lenging because of the unavoidable wave-packet dispersion,
the narrow momentum width of BECs allows for extended
interaction times and enables Bragg diffraction into a single
momentum order [22-24]. Therefore, a tight guide and BEC
wave packets are essential components of a practical matter
wave analog of a FOG.

The first approach towards this goal of realizing the matter
wave analog of a FOG used cold thermal atoms in guiding
potentials formed by weak (few Hz) magnetic traps [25,26].
In [25] short Bragg pulses created a thin phase grating which
diffracted atoms into multiple momentum orders. The re-
sulting trajectories formed closed loops when the guide was
translated during the interferometer cycle, resulting in an
atomic density grating pattern which could be probed by
Bragg scattering. The pairing of BEC and Bragg diffraction
was used in [27] to realize an atom interferometer enclosing
0.1 mm? by imparting transverse motion to the moving wave
packets through a sudden displacement of the relatively weak
(6 Hz) harmonic trap. Other approaches to creating trapped
Sagnac atom interferometers where the splitting is based
on manipulations of the potential have demonstrated much
smaller enclosed area [28] and [12]. Recently, a novel archi-
tecture where BEC wave packets are displaced to opposite
sides of a weak harmonic potential and subsequently launched
into circular trajectories has been shown to achieve 0.5 mm?
enclosed area [29].

©2023 American Physical Society
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In this paper we report a tightly guided BEC Sagnac atom
interferometer. The tight waveguide confinement perpendic-
ular to the wave-packet velocity makes it analogous to the
FOG and will make the device much less sensitive to platform
motion than the weakly trapped approaches discussed above.
The interferometer wave packets are trapped by the optical
dipole potential of a collimated laser beam, enabling use of an
myp = 0 state which is first-order insensitive to magnetic fields
and hence to magnetic field gradients. Also, with the optical
waveguide, phase fluctuations due to guiding potential fluctu-
ations are mostly common mode. These characteristics make
the optically guided interferometer much more robust against
environment magnetic field noise than its magnetically guided
counterpart. Our design also has a straightforward extension
to multiaxis measurement without requiring that the sensor
be rotated or that gravity be compensated. In addition to
reporting the biggest Sagnac area reported to date, 0.8 mm? ,
we also present an Allan deviation measurement for a guided
Sagnac atom interferometer along with an in-depth study of
the noise behavior of the device.

II. EXPERIMENTAL SETUP

The BEC hardware is a modified version of the setup
described in [12]. A 87Rb BEC in the first-order magnetically
insensitive state |F' = 1, mp = 0) and containing between 500
and 1500 atoms is prepared in a tight crossed-dipole trap
formed at the intersection of a horizontal 1064 nm laser beam
with waist 13 um and a vertical 1064 nm beam with waist
60 um and transverse trapping frequency 2w x 140 Hz. The
60 s cycle time of the experiment is dominated by the evapo-
rative cooling stage in this trap. The interferometer waveguide
is formed by a horizontal collimated 1064 nm laser beam
[Fig. 1(a)] propagating collinear with the tight horizontal
beam. The BEC is transferred adiabatically from the tight
beam to the waveguide beam, still confined axially by the
vertical beam. The waveguide power and waist are, respec-
tively, 550 mW and 60 um, giving axial and radial trapping
frequencies of 2r x 0.3 Hz and 27 x 200 Hz. The waveguide
beam can be translated horizontally over a few mm by the
acousto-optic deflector (AOD) and lens shown in Fig. 1(a). It
passes through the cell at a 12° angle of incidence to avoid
undesirable interference resulting from multiple reflections at
the cell windows.

Next, the confining vertical beam is switched off to allow
the condensate to expand along the waveguide for 20 ms.
The wave-packet expansion which is undesirable during the
interferometer cycle is then frozen with a 1.5 ms pulse of the
vertical beam which realizes a §-kick cooling potential [30].
The resulting wave packet has an axial temperature of 3 nK
and an axial size of ~70 um FWHM (see Appendix A). The
interferometer cycle starts immediately after the §-kick pulse.
The interferometer beamsplitters and mirrors are realized with
pulses of a 780 nm standing wave formed by retro-reflection
of a beam with 5.42 mm waist overlapped with the waveguide
using two dichroic mirrors, as shown in Fig. 1(a).

As shown in Fig. 1(b), the BEC initially in momen-
tum state |p = 0) is split into a superposition of two wave
packets with momentum p = +2hk, where k = 2w /L us-
ing a double square pulse of the Bragg laser [22,23,25,27].
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FIG. 1. (a) Experimental setup; (b) interferometer sequence.
Blue and green colors of atoms correspond to the +2/k and —27ik
momentum components, respectively. The time flow follows the
black arrows. (c) Experimental data acquired At = 12 ms after the
recombination pulse, with atoms in two channels: |p = 0) and
|p = £2hk).

The two wave packets propagate in opposite directions with
speed v = 11.7mms~! while the waveguide is transversely
moved out and back to the starting position [25]. To create
an interferometer with total interrogation time 7, Gaussian
reflection pulses [31] are applied at times 7 /4 and 37 /4,
followed by a second double square pulse which serves as
a recombination pulse. During this process the atoms follow
the diamond-shape trajectory shown in Fig. 1(b), enclosing
a Sagnac area proportional to both v7T" and the transverse dis-
placement of the waveguide. The waveguide is translated with
a time-dependent acceleration that minimizes the transverse
excitation of the atoms at the final position [32]. In our system
this allows for transport of atoms up to 2 mm in 40 ms.

The two output ports of the interferometer are the mo-
mentum states p = 0 and p = +2/ik. The BEC evolves in the
guide for 10 ms after the recombination pulse, allowing the
momentum components to separate into three wave packets
easily detected via absorption imaging [in Fig. 1(c)]. For
an interferometer with zero Sagnac phase, the population of
atoms in each port {N,—o, N1} depends on the interferome-
ter phase ¢ as

P(#) = 2= — Lacos (¢ + o)+ C). ()
]Vtotal 2
where Ny 18 the total atom number in the three ports, and a,
C, and ¢0 are, respectively, the amplitude, offset, and phase
shift of the fringe. The interferometer phase ¢ is

¢ =2(¢1 — 2¢2 + 2¢3 — a), 2

where ¢; is the phase of the ith Bragg pulse [Fig. 1(b)].
The interferometer phase ¢ can be experimentally adjusted
by changing the frequency f of the Bragg laser by A f right
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FIG. 2. Interferometer fringes for a static waveguide atom inter-
ferometer with interrogation times 7" = 20, 40, and 80 ms and for
a moving waveguide interferometer with 7 = 80 ms. Gray points
represent the raw data for a single experimental run. Each red data
point is an average of five repetitions for the given interferometer
phase. Error bars are the standard error in those mean values.

before the recombination pulse, which changes the interfer-
ometer phase by

A¢p =8nLAf/c, (3)

where L = 12.3cm is the distance from atoms to the retro-
reflector. This approach can scan ¢ over at least 47, as shown
in Fig. 2.

III. RESULTS

The interferometer has been operated in two modes: a
static waveguide interferometer enclosing zero Sagnac area
and the rotation-sensitive configuration obtained with the
moving waveguide. The static mode aids optimization and

characterization by decoupling any effects caused by waveg-
uide movement from fundamental limitations of the system.
Figure 2 shows interference fringes recorded for interrogation
times T = 20 ms, 40 ms, and 80 ms in the static mode, along
with one moving guide fringe with T = 80 ms. The full :I:%rr
interferometer scan was obtained by tuning the frequency of
the final pulse over £0.75 GHz. Five measurements of P(¢)
data at each phase are averaged and fitted to the function in
Eq. (1). In this data set, the moving guide encloses 0.8 mm?,
which is the largest Sagnac area enclosed by a fully guided
atom interferometer reported to date.

Figure 2 shows that there is a phase shift A¢ ~ 0.5 rad
between the moving and static guide interferometers for 80 ms
interrogation times. Since both experiments were conducted
under the same conditions this phase shift is presumably
caused by the waveguide movement. Possible mechanisms
include misalignment of the Bragg beam with the guide beam
or center of mass motion excited by intensity fluctuations if
the waveguide is tilted. While both mechanisms will be inves-
tigated and minimized in future work, the phase shift should
not impact rotation sensing performance because the rotation
rate can be obtained through a differential measurement with
multiple Sagnac areas [7].

The behavior of both the underlying and average fringe
contrast with interrogation time evident in Fig. 2 can provide
useful information about imperfections and noise processes in
the interferometer. Factors impacting the underlying contrast
have been extensively studied in [33], which showed that a
residual axial curvature of the approximately collimated guide
imparts a spatially varying phase shift to the wave packets that
can lead to decreased fringe visibility. The analysis showed
that this effect can be minimized by ensuring the interferome-
ter is symmetrical, wave-packet size remains constant, and the
timing of the Bragg pulses is optimized. The §-kick cooling
technique employed in our interferometer helps in this regard
because it minimizes wave-packet size changes during the
interferometer cycle. Residual axial curvature also decreases
the time at which the wave packets overlap during the recom-
bination pulse by an amount §T ~ 2w>(T /4)* in a waveguide
with axial frequency w, [33]. For our interferometer with
w, = 2m x 0.3 Hz and total interrogation time 7" = 80 ms the
timing shift is 67 ~ 0.06 ms, which is negligible here. In
future experiments with longer interrogation times the effect
will become important, requiring that the Bragg pulse timing
be adjusted accordingly.

A. Noise analysis

Since a detailed study of the fringe contrast supported by
an appropriate noise model might reveal factors limiting the
system, static mode fringes for our standard set of 7 = 20 ms,
40ms, and 80 ms with many repetitions per interferometer
phase were collected over several hours to produce a large
data set for further analysis (Fig. 3). The raw data presented in
Fig. 3 right column (red points) show that the range of P(¢)
values is roughly the same for all three interrogation times,
while the fluctuations of P(¢) at each phase increase with
interrogation time. There are two intrinsic noise sources for
all atom interferometers: shot noise and phase diffusion [28].
Shot noise is negligible compared to the noise visible seen
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FIG. 3. Interferometer fringe contrast as a function of interroga-
tion time 7. (Right) Each interferometer scan was repeated 22 times
for T = 20 ms and 40 ms, and 43 times for 7 = 80 ms. The blue sine
curves are unweighted fits of Eq. (1) to the data. (Left) The blue
data points show the amplitude of the sinusoidal fits as a function
of interrogation time 7'. The underlying contrast (black points) and
the offset noise (gray points) were obtained by fitting the noise model
discussed in the text to each phase of the fringe. The dotted curves are
to guide the eye. The inset plot shows a histogram of all data points
in the 7 = 20 ms fringe. The distance A is the underlying contrast of
the fringe.

in the fringes presented here. An estimate of the reduction in
average contrast due to phase diffusion [34-44] says that the
average contrast will still be 90% of the maximum value at
T = 80ms (see Appendix C). So it appears that the current
interferometer is limited by technical noise.

Factors that could cause fluctuations in P(¢) [Eq. (1)]
include noise in the interferometer phase ¢, noise in the un-
derlying contrast a, and noise in the offset C. A known source
of technical noise in our experiment is mechanical vibrations
of the Bragg retro-reflector mirror that cause changes in the
phase of the Bragg pulses at the location of the atoms: If
the optical table supporting the experiment is not floated the
resulting phase noise causes all measurements to average to
the same value within the error bars for all phases ¢, even for
our shortest interferometer time 7 = 20 ms.

The shape of a histogram of the P(¢) values recorded for
multiple scans over the fringe (inset in Fig. 3 left column)
provides information about sources of noise in P(¢). Pure
phase noise does not change the shape of the histogram from
the harmonic distribution of a noiseless interferometer. So the
blurred edges of the histogram in Fig. 3 suggest that there is
at least one other source of technical noise. The noise model
has three free parameters: underlying contrast A, phase noise
o4, and offset noise o.. With sufficiently good statistics it
becomes possible to determine the dependence of those three
contributions on interrogation time 7 (see Appendix B).

Phase noise oy (rad)

0 50 100 -0.2 0.0 0.2
Interrogation time T (ms)  Contrast fluctuation at n/2

FIG. 4. Noise dependence on the interrogation time 7. (Left)
Standard deviation of the phase noise oy of the contrast values
distribution P, at the steep side of the fringe ¢ = 7 /2. The fitis cv/T.
(Right) The histogram of the atoms fraction distribution minus the
average value of the full set P, — P. The noise model with standard
deviation o determines the shape of the orange curves. Both his-
tograms consist of about 800 samples total.

The decreasing amplitude a(7) of the fitted fringes (blue
curves) versus the interrogation time is shown in the left part
of Fig. 3 as blue points. The decreasing trend is a result
of averaging over all possible sources of noise. The under-
lying amplitude A in the fitted noise model (black points)
also decreases with interrogation time. At this stage we can
only speculate on what causes the decrease in the underlying
contrast, but it is possible that the experiment was just not as
well optimized for T =40ms and 7 = 80 ms as it was for
T =20ms.

The noise model analysis of the fringes shows that the
offset noise is constant (gray points in Fig. 3 left), while the
phase noise increases significantly with interrogation time.
The phase noise oy obtained from the noise model is plotted
against the interrogation time in Fig. 4 (left) and appears to
scale o +/T. Figure 4 (right) shows the distribution of the
measured atom population P(¢) at the steepest point of the
fringe (¢ = 7 /2). The distribution for 7 = 20 ms is Gaussian
whereas the distribution for 7 = 80 ms has two visible peaks
away from the mean value. This is consistent with the noise
analysis and indicates that the Gaussian phase fluctuation
grows with time and exceeded w /4 at T = 80 ms. The con-
clusion obtained from this analysis is that, since the offset
noise remains constant, the dominant source of noise for inter-
ferometer interrogation times longer that 20 ms is mechanical
vibrations of the retro-reflection mirror.

While the unknown source of offset noise makes remov-
ing it difficult without further in-depth studies, the phase
noise can be removed using the technique presented in [45].
Here the performance of an atom interferometer operated
in the especially harsh environment of an aircraft in flight
was greatly improved by mounting a high-performance ac-
celerometer on the retro-reflector and thereby correcting for
vibration-induced changes in its position during the inter-
ferometer cycle. In addition, engineering better mounting
solutions for the retro-reflector will also improve interferom-
eter performance.

B. Long-term stability

The capacity to average measurements for a long time is
key for precision measurement. Accordingly, the long-term
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FIG. 5. Overlapping Allan deviation scaled by the correspond-
ing underlying contrast for different interferometer cycle times. The
projection noise is computed as 1/a+/N for a = 1 and N = 1000.
The right-hand axis shows the corresponding rotation sensitivity of
the 7 = 80ms moving guide interferometer which has 0.8 mm?
enclosed area. The arrow labeled Earth Rate corresponds to a pro-
jection of the Earth’s rotation vector onto the horizontal loop area in
New Mexico.

stability of our system has been assessed by measuring the
Allan deviation [46] of the interferometer phase at the steepest
point of the fringe over 12 hours for three cases: static 20 ms
interferometer, static 80 ms interferometer, and moving 80 ms
interferometer. Results are presented in Fig. 5 for integration
times t up to 5.5 hours. The 60 s cycle time of the experiment
determines the minimum integration time T = 120s. The plot
shows that the Allan deviation scales o 1/,/T for all three
cases. The extrapolated values at T = 1s are 1300 mrad and
2600 mrad for T = 20ms and 7 = 80ms respectively. The
Allan deviations for stationary and moving 80 ms interfer-
ometer are in good agreement, indicating that moving the
waveguide does not influence the stability of the device even
though a phase shift is induced by translating the waveguide.
The Allan deviation measurement shows that the sensitivity
after 2000s (=30 min) of averaging is comparable to the
Earth’s rotation rate (42 urads~! in New Mexico) for the 7 =
80 ms moving waveguide Sagnac interferometer.

IV. DISCUSSION AND CONCLUSIONS

In summary, we have demonstrated a BEC matter wave
analog of a fiber optic gyro. It encloses the largest Sagnac
area (0.8 mm?) achieved for a waveguide device. The total
interrogation time was extended up to 80 ms by implementing
a form of §-kick cooling to reduce the BEC temperature, gen-
erating dilute wave packets that remain collimated throughout
the interferometer cycle and suppressing phase diffusion. The
average fringe contrast decreases with interrogation time,
primarily due to phase fluctuations produced by mechanical
vibrations of the retro-reflector forming the standing wave for
the Bragg pulse beamsplitters and mirrors. Statistical analy-
sis shows that the dominant noise source is Gaussian (white

power spectrum), with the Allan deviation falling with aver-
aging time 7 as /2 for 7 up to 10 000 seconds.

The architecture of our guided Sagnac atom interferometer
offers some advantages over other approaches. In addition to
increasing the Sagnac area, the use of two reflections instead
of one creates a symmetry which suppresses contrast loss
due to residual axial curvature [33] and makes the device
insensitive to constant acceleration along the guide. The inter-
ferometer is relatively insensitive to changes in the waveguide
laser intensity; while the guide beam power was stabilized
to ~1% before the AOM, the guide beam power in the cell
varied systematically by about 20% with guide movement
due to the AOM’s frequency response. It is known that the
mode of the beam might be distorted by an AOM. While
not important here, these issues will be addressed in future
work with increased Sagnac area by stabilizing the guide
power after the science cell, and by replacing the AOM with a
piezo-controlled mirror.

In most guided AI designs, measuring rotation along a
horizontal axis entails turning the device on its side, which
will require some form of gravity compensation to nullify
the effects of gravity on the now vertical wave-packet tra-
jectories. An advantage of our approach is that replacing
our current 1D AOD with a 2D AOD and a folding mirror
will enable waveguide translation along all three axes and
hence three-axis measurement with a single fixed-orientation
device without gravity compensation. Although it is possible
to engineer a device performing measurements along all axes
simultaneously, by, for instance, combining three indepen-
dent sensors, the most straightforward implementation with
the current setup is to perform measurement along each axis
sequentially. This will decrease the bandwidth of our sensor
by a factor of 3, but it will not affect the performance of the
device otherwise. Moreover, the tight transverse confinement
in our FOG analog (200 Hz) will provide good protection
against platform motion. In comparison, multiaxis measure-
ment may be more challenging in architectures based on wave
packets orbiting in weak (2 Hz) bowl-like potentials, where
both platform motion and tilting the potential would result in
asymmetric trajectories that degrade performance [29]. More-
over, the bandwidth of our interferometer, where a single
measurement is a direct measurement of Sagnac phase, should
be higher than that of differential devices [29] where phase
determination requires reconstruction of a relative phase ellip-
soid comprising several interferometer cycles. The statistical
sensitivity demonstrated in this work will make possible a
precise measurement of the rotation rate of the Earth within
30 minutes using a differential scheme with multiple Sagnac
areas.

It should be possible to improve the performance of our
device by several orders of magnitude [19]. Future work will
focus on increasing the Sagnac area to increase the sensitivity
to rotation. The current experimental limitations on area are
the trap depth of the moving guide and the AOD deflection
range, which together limit the maximum distance over which
atoms can be translated within the coherence time. It will
be possible to increase both the waveguide trap depth and
the distance over which the guide is moved by changing
the hardware. Also, since the interferometer phase noise is
dominated by vibrations of the retro-reflecting mirror forming
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the standing wave, adding a suitable accelerometer to the
retro-reflector [45] and engineering that part of the system to
improve its stability will increase the coherence time. That
will in turn allow us to demonstrate multiple round-trips in
the waveguide loop [47], which is a major advantage of the
waveguide geometry. We will also increase the wave-packet
momentum using optimized Bragg pulse shapes [48], which
will further increase the area enclosed in a given interroga-
tion time. For example, with wave-packet momentum 107k,
implementation of 200 round trips as demonstrated in [47],
and higher laser power of 100 W allowing for roughly 10
times further guide translation due to increased radial trap
frequency, the expected enclosed area will be 80cm?. The
combination of this increased area with the noise level of the
current device would lead to an angular random walk (ARW)
of 0.0004° /\/H, which is similar to that of state of the art
FOGs [21,49].
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APPENDIX A: DELTA-KICK COOLING

Delta-kick cooling (DKC) [30] applies a pulsed harmonic
confining potential to a condensate to manipulate its momen-
tum distribution. In this work DKC is applied after the BEC is
prepared in a crossed-dipole trap formed of two perpendicular
1064 nm beams having waist wy = 60 um: a horizontal guide
beam and a vertical beam. Here the vertical beam provides
tight confinement of the BEC along the guide beam axis.

After the vertical beam is switched off, the condensate ex-
pands freely along the waveguide for 20 ms before the vertical
beam is pulsed on for 1.6 ms to provide the DKC confining
potential. The size of the cloud along the guide o, is obtained
by fitting absorption images with 2D Gaussian function:

(x—x)° (=)
g(xa y) - exp [ zo_az 20'},2 }7 (Al)
where o, is size in the radial direction of the guide, and (xq, yo)
is the position of the center of the cloud.

The cloud expansion with and without DKC as a function
of expansion time ¢ is illustrated in Fig. 6. The data are fitted
with a simple thermal expansion model

kT,
o(t) = /ofzo + Bm—jfct(t —21f) (A2)

to obtain the temperature Tz of the condensate, where mpgy, is
the rubidium mass, kg is Boltzmann’s constant, o, is the size
of the cloud at ¢ = 0, and ¢; the time at which focusing of the
BEC occurs. When no §-kick cooling is applied, the cloud ex-
pands rapidly with temperature ~25 nK. With DKC the cloud
is weakly focused at 1y = 38 ms after the DKC pulse. The
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FIG. 6. BEC size o, along the guide for variable expansion time
t. Each data point is a mean of three measurements with an error bar
given by the standard error in the mean. The dotted lines are a fit of
Eq. (A2) to the data, finding temperatures of 25(3) nK without §-kick
cooling, and 2.95(8) nK with a 1.6 ms §-kick pulse.

much slower subsequent expansion with DKC corresponds to
a temperature of 3 nK.

The final temperature delivered by our DKC implementa-
tion is currently limited by technical factors. We find that a
pulse duration of 1.6 ms results in the lowest temperature and
the most symmetric size evolution over a 80 ms interferometer
interrogation time. Increasing the duration of the DKC pulse
beyond this does not decrease the temperature further, because
the expansion dynamics are predominantly governed by the
mean-field energy of the condensate. The expansion time be-
fore the DKC pulse is limited by the size of the vertical beam.
The size of the cloud after initial expansion of 20 ms reaches
FWHMggc ~ 70 um, which is comparable to the size of the
beam. Increasing both the power and the size of the vertical
beam should lead to even lower temperatures.

APPENDIX B: NOISE MODEL

Here we present a noise model describing the histogram of
P(¢), the p = 0 fraction in the interferometer output ports. It
extends the model containing only normally distributed offset
noise used in [45] to extract information about readout noise.
Our model contains two normally distributed variables: inter-
ferometer phase ¢ with standard deviation oy and an additive
offset noise with standard deviation o.. Even though this case
study is applied to interferometer data, the model also holds
for any type of data described by sinusoidal behavior.

Let us first recall that the fraction of atoms in the p =0
interferometer output port is

P(¢)=xp—'?:%[asin(¢—%>+C], (B1)

where a is the amplitude of the fringe.

In the first step we will derive the model for phase noise
only, assuming C = 0 and neglecting 7 /2 term for simplic-
ity. This means that the distribution is centered around O.
If a probability density function (PDF) of the phase ¢ is
known, then one can use it to derive a PDF of the atom
fraction P. Following this argument, the total probability of
the measured data reflects the probability of the noisy variable
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FIG. 7. Influence of phase and offset noise on the output of the interferometer. Synthetic data were obtained by adding normally distributed
phase and offset noise to the interferometer fringe function Eq. (B1) for fixed values of ¢; = 0 and ¢, = % The offset noise o, = 5% remains
the same for all the graphs, while the phase noise increases from left to right. Inserts show how the phase fluctuation explores the fringe. The
black dotted line is the noise model calculated for given values of ¢;, o, and o, using Eq. (B5).

fp(P)dP = f,(¢)d¢. Since the contributions from the normal
distribution of phase ¢ can exceed 7 /2, the formula for f,(¢)
takes the form

o0

[¢ — (=1)'¢; —nm]?
Z exp 202

fo@) = , (B2

1
A 27TU¢ n

where ¢ is limited to (—m /2,7 /2) and ¢; is the Bragg
phase. Changing variables from ¢ to P [using j—ﬁ and ¢(P) =
arcsin (2P/a)] and combining it with the expression for f,(¢),
one finds

=—00

fp(P) =2f,[¢(P)]/ay'1 — (2P/a)*. (B3)

Since the histogram of the data represents the probability
that certain outcome is within a finite range of values, the
equation above needs to be integrated to represent the quantity
measured in the experiment accurately, giving

|:arcsin % _\/(E:)_l)%i — nw j| (B4)
[

Equation (B4) evaluated for bins of the histogram F (P)|£,j*l
is an accurate representation of the histogram data. In the
following step the additive independent normal noise o, can
be introduced by calculating the convolution of the F (P) and
Gaussian distribution:

F(P):% Z erf

1 p?

[F(P) * g(P)] [F(P) * N exp { 207 ” (B5)
The convolution is easily calculated numerically, allowing the
model to be implemented to analyze the data in this paper.
Figure 7 shows how the histogram shape for measurements
depends on the noise. The important feature of the model is
that phase and offset noise are orthogonal. Moreover, even for
a substantial phase noise close to oy < m, where values of the
phase explore more than one fringe, the model can be used to
determine the exact value of phase noise spread oy.

If the experimental data are obtained by repeating the
measurement for a series of discrete interferometer phases

[¢1, b1, - .., dul, then the histogram of the full data set is
simply a sum of Eq. (B5) over the entire set,
Y [F (P, ) % g(P)]. (B6)
&

Figure 8 (right column) shows a comparison between the
model and a synthetic data set obtained by adding normally
distributed noise to a cosine curve described by Eq. (B1). As
shown by the figure, the model (dotted black line) is in a good
agreement with the synthetic data (histogram bars). The com-
parison clearly shows that the histogram has sharp edges for
an interferometer where the phase fluctuation is a dominant
source, while the edges are blurred when the contribution to
noise from other sources is significant.

Even though the noise model presented here does not
include noise in the amplitude, it can still help distinguish
between phase noise, which is a typical source of noise in
interferometers, and other sources of technical noise.

APPENDIX C: PHASE DIFFUSION

Phase diffusion is known to be one of the intrinsic fac-
tors limiting the performance of atom interferometers. It has
been observed and studied in various architectures [34—44].
The diffusion rate for an approach where atoms are split and
recombined nonadiabatically using Bragg pulses, similarly to
the setup used in our experiment, was theoretically studied in
[41]. Here the effect of phase diffusion is considered to be
created only by the fluctuations of the atom numbers in each
cloud, which are governed by a binomial distribution.

Following the discussion in [41,44], the effect of the inter-
atomic interactions in a many-body Hamiltonian is captured
by the interaction coefficient g,

Uy
g== / [ [* dr, (Ch)
where Uy = 47K ay, /M, with M the atomic mass, d,. the s-

wave scattering length, and /1 wave functions of two separate
clouds after splitting. Here the wave function ¥, of each
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FIG. 8. Simulated interferometer data and the corresponding his-
tograms of P(¢), the relative atom population in the p = 0 port. Blue
curves show the interferometer fringe with no noise. The individ-
ual data points were obtained using Eq. (B1), with fixed amplitude
a = 0.45 and normally distributed phase noise around ¢y = 0 [rad]
with standard deviation o4 = 0.4 [rad]. The upper row shows the
fringe and the histogram for no offset noise o, = 0, while the offset
noise o, = 0.05 [rad] is introduced in the bottom row. The dotted
lines represent the noise model for each histogram obtained from
Eq. (B6).

cloud is normalized to 1. The accumulated nonlinear phase
& per atom is then obtained by integration of the interaction
coefficient g over interrogation time 7':

1 T
£= - /O dtg. (C2)

Knowing the accumulated phase £ and the total number of
atoms N, the averaged fringe visibility V is described by

V = exp{—2&%N}. (C3)
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0
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FIG. 9. Effect of phase diffusion on the fringe visibility as a
function of the total interrogation time 7, for N = 1000 atoms. The
solid curve shows fringe visibility for an expanded §-kicked cooled
atomic cloud, while the dashed line is calculated for the cloud before
the expansion. Both calculations are based on Eq. (C4) and assume
constant size of the cloud during the interrogation time.

We calculated the accumulated phase £ from the density
profile of the cloud |/+|?> = n(r), which was measured exper-
imentally. Since, in our case, the wave-packet size does not
change significantly during the interrogation time due to the
8-kick cooling technique, we can assume constant size of the
split clouds. The formula used to obtain fringe visibility V (T")
versus interrogation time 7" in Fig. 9 takes the following form:

E(T) = @T / n(r)*dr. (C4)
2h

Figure 9 shows two cases: fringe visibility for an expanded
(8-kick cooled) cloud with FWHM =50 wm, and for a cloud
before the expansion with FWHM ~15 um. In the first case,
the phase diffusion effect is not significant for the interroga-
tion times up to 7 = 80 ms used in the experiment. However,
fringe visibility for the denser cloud present before expansion
decreases significantly faster. Even though the calculation for
the small cloud is less accurate because the assumption of
constant size is not valid, it is still a useful reference point,
indicating that the §-kick cooling technique is essential for
obtaining high-contrast interferometer fringes.
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