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ABSTRACT

We describe a matter-wave Sagnac interferometer using Bose condensed atoms confined in a time-orbiting potential trap. Compared to our
previous implementation [Moan et al., Phys. Rev. Lett. 124, 120403 (2020)], our new apparatus provides better thermal stability, improved
optical access, and reduced trap anharmonicity. The trapping field can be adjusted to compensate for small tilts of the apparatus in gravity.
These features enable operation with an effective Sagnac area of 4mm? per orbit, and we observe interference with 25% visibility after two
orbits at a total interrogation time of 0.6 s. Long-term measurements indicate a phase stability of 0.2 rad or better.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1116/5.0173769

I. INTRODUCTION

Quantum sensing is a central application in quantum science
and technology. Atom interferometry is a particularly promising
sensing technique that is useful for a wide variety of measurements,
including accelerometry, gravimetry, and rotation sensing, as well as
probing the interactions of atoms with light, surfaces, or other
atoms.”” One compelling application for atom interferometry is
inertial navigation,3 which is important for commercial, military,
and space-borne vehicles that require autonomous navigation for
safety, reliability, or environmental factors. Rotation sensors are an
important component of inertial navigation systems. Compared to
conventional technologies, atom interferometric rotation sensors can
provide higher sensitivity and better stability, and these benefits have
been demonstrated in laboratory experiments.4 ° However, the sub-
stantial size and complexity of these experiments limits their utility
for practical navigation systems. One way to reduce the size of the
apparatus is to use trapped atoms, which allow for long interrogation
times without the need for a large drop distance.”” While most pre-
vious interferometer implementations have used atoms in free fall,
we recently demonstrated an atomic Sagnac interferometer rotation
sensor using magnetically trapped atoms.” We here report improve-
ments to our apparatus and technique, which provide a more robust
system with increased reliability and higher sensitivity. These
achievements illustrate the promise of this approach for develop-
ment of a practical atom-based inertial sensor.

The Sagnac effect is applicable to any type of interferometer with
arms that enclose an area A. If the interferometer platform is rotating

at rate Q about an axis normal to A, then the net phase will include a
contribution' "’
4r

b5 = 04, 0
where / is the wavelength of the interfering wave and v is the phase
velocity. In the case of a matter-wave interferometer, 4 is the
de Broglie wavelength 27fi/mv of a particle with mass m, leading to
¢s = (2m/h)QA. In comparison, an interferometer using light of
frequency w; has 4m//v=2w;/c?, and it is the large ratio
mc? /oy ~ 101 that makes atomic Sagnac interferometers attractive.
However, it is necessary to make the enclosed area A as large as possi-
ble in order to realize a high sensitivity.

Our interferometer approach was presented in Ref. 9, and we
summarize it here. A Bose condensate of *’Rb atoms is produced in a
cylindrically symmetric magnetic trap with harmonic oscillation fre-
quency o in the horizontal xy plane. An off-resonant standing-wave
laser with wave number k is applied to the condensate and, via the
Bragg effect, splits it into two packets traveling with velocities *vpx
for vg = 2hk/m.'>"” The packets move in the trap until they come to
rest at radius R = vp/m. An orthogonal standing wave then splits the
atoms into four packets with velocities *vgy. The harmonic potential
causes all four packets to move in circular orbits; the atom density is
low enough that the packets can pass through each other with negligi-
ble effect. After one or more full orbits, the y Bragg beam is applied
again, which produces two interferometer outputs at x = =R. The
Sagnac phase is differential between the two interferometers, while
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most other sources of noise are common mode. We observe both out-
puts via absorption imaging after a short time-of-flight delay, and we
extract the differential phase by plotting the two signals against each
other and fitting the points to an ellipse.”*

We note that other approaches to rotation sensing with trapped
atoms are being explored. Atoms in a toroidal trap with tunneling
junctions can exhibit rotation sensitivity analogous to the magnetic
field sensitivity of a superconducting SQUID device.' ' Although it is
difficult to achieve large Sagnac areas in this type of system, interac-
tions between atoms can potentially enhance the rotation sensitivity.
Another approach is to implement an atom interferometer in a linear
guide that is translated perpendicular to the atomic motion to achieve
an enclosed area.” Promising results have recently been reported using
this method with an optical dipole trap.'” So-called “tractor” interfer-
ometers have been proposed in which atomic superpositions are
trapped in localized spin-dependent potentials, and the different spin
components are adiabatically moved along paths that enclose an
area."®'” It is also possible to implement a Sagnac interferometer using
a single trapped ion.”” A review of compact atomic rotation sensor
techniques is available in Ref. 21.

In this paper, we focus on several improvements to the experi-
ments of Ref. 9 and discuss the resulting impact on performance.
Section 11 details our new apparatus with improved thermal stability,
optical access, and trap anharmonicity. Section I1I describes the atom
interferometry methods, including the capability to compensate for a
tilted platform in gravity by adjusting the magnetic levitation force.
Section IV presents our new results, featuring multiple orbits and a
total effective area of 8 mm?. Finally, Section V discusses our conclu-
sions and directions for future development.

Il. APPARATUS

The apparatus used for Ref. 9 was detailed in Ref. 22, and it forms
the basis for the new work here. It consists of a vacuum system with two
chambers connected by a differential pumping tube. The first chamber is
a cylindrical glass cell where we produce a magneto-optical trap (MOT)
of ¥Rb atoms. The atoms are then loaded into a spherical dc quadrupole
trap produced by an anti-Helmholtz coil pair. This coil pair is mechani-
cally translated to carry the atoms into the second chamber.”’ There, they
are positioned at the center of a magnetic coil structure producing a
time-orbiting potential (TOP) trap.”* We produce Bose-Einstein conden-
sation (BEC) and implement the interferometer in the TOP trap.

The original apparatus had some shortcomings that limited the
interferometer performance and reliability. First, the six trap coils were
mounted on the faces of a 2-cm boron nitride cube, which was fixed to
the end of a 25-cm arm attached to a vacuum flange. The entire assem-
bly was in vacuum, and the long arm provided a thermal conductance
of about 80 mW/K.” The coils dissipated power of about 10 W, lead-
ing to temperature variations of a few tens of K. These variations
degraded the stability of the trap, resulting in phase noise for the inter-
ferometer”® and requiring experimental adjustments on the 1-h time
scale. Second, optical access for one of the Bragg lasers was achieved by
passing the beam along the axis of the 2-m long vacuum system,
including through a 9-mm diameter hole in the coil-mounting arm
and the 12-mm diameter tube connecting the two chambers. This
severely restricted the adjustability of the beam alignment. Third, the
coil geometry introduced tilts and anharmonicity to the trap potential,
which resulted in the wave packets failing to overlap after more than
one orbit.

ARTICLE pubs.aip.org/aip/aqs

The new apparatus described here addresses these shortcomings.
To provide better thermal management, the trap coils are now larger
and are mounted in a fixture that is directly attached to a water-cooled
flange, as illustrated in Fig. 1. The coil fixture is electrically insulating so
that the TOP fields do not induce eddy currents. It is machined from
Shapal Hi-M Soft, an aluminum nitride ceramic with a thermal conduc-
tivity of 90 W/(m K). The six coils are wrapped on Shapal forms that
are bolted and epoxied to a Shapal base. The base is then screwed to a
stainless steel CF6 conflat flange, which was machined to a thickness of
8.5 mm. A 3-mm deep serpentine pattern is machined on the air side of
the flange for water cooling, and the pattern is covered by a thin steel
cap bolted to the flange and sealed with silicone adhesive. The new sys-
tem has a measured thermal conductance of 2 W/K. The power dissi-
pated in the coils remains about 10 W, so the total temperature change
is reduced to about 5 K. However, we minimize the temperature varia-
tions by running the experiment at a steady duty cycle, and we estimate
the resulting variation to be about 1 K from run to run.

Thermal fluctuations can affect the trap in two ways. First, ther-
mal expansion causes the coil geometry to change, which alters the
magnetic fields and, therefore, the trapping potential. Since the mag-
netic field from a source varies inversely with distance, we have
|(dB/dT)/B| = |(d¢/dT)/¢|, where B is the field magnitude, T is the
temperature, and ¢ is the fixture size scale. The relative size variation
(dt/dT) /¢ is determined by the coefficients of thermal expansion for
copper and Shapal, which are 2 x 10~° and 5 x 107% K, respec-
tively. The second effect is the change with temperature of the resis-
tance of the copper wires, which alters the driving current. Our trap
drive electronics use a current-stabilization feedback loop to counter
such effects, but the loop gain of about 30 dB provides only a factor of
33 reduction.”® The temperature coefficient for copper is 4 x 1073 K™/,
so the expected relative current variations are about 107 K '. The

Fic. 1. Cutaway view of coil fixture and cooling flange. The gray component at the
top of the image is a 6-in. conflat flange with water-cooling connectors. The white
components are Shapal forms for the coils, which are represented in copper color.
There are six coils altogether, of which five are visible. The sixth is enclosed by the
rectangular Shapal base above the blue plate, which is a 1-mm-thick silicon wafer
used as a mirror for imaging. The four horizontal coils have 64 turns of AWG 20
copper wire with Kapton insulation. The average radius is 14 mm, and the average
distance from the fixture center is 26 mm. The two vertical coils have 26 turns of
AWG 20 wire, an average radius of 15mm, and average distance of 14 mm. The
yellow wire is an antenna for rf evaporative cooling. The red beams show the paths
of the two Bragg lasers. Atoms are trapped at the center of the fixture, about 2 mm
from the mirror surface.
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relative field variation is the same, so we expect this resistance effect to
dominate over the thermal expansion effect. Given the estimated tem-
perature variations, we expect the trap potential to be stable to approxi-
mately one part in 10*. This is similar to the amplitude stability of the
function generators from which the current signals are sourced.”” These
improvements reduce phase noise in the rotation measurement and
allow the experiment to run with minimal intervention for multiple
days.

In the new system, the two Bragg laser beams enter the vacuum
chamber through CF133 conflat viewports, providing improved optical
access. The viewports are anti-reflection coated to give 0.25% reflection
per surface. However, the experiment is sensitive even to these sup-
pressed reflections since they can cause significant spatial variation in
the laser intensity. To suppress this effect, the copper gaskets used to
mount the viewports are machined with a 3° wedge angle, so that the
windows are off-normal to the laser. We did not find the wedge to
have any effect on the vacuum seal.

The new coil arrangement imposes changes to our imaging system.
We monitor the output of the interferometer using a vertical absorption
imaging beam. Because of the water-cooling flange, it is no longer possi-
ble to pass this beam through the chamber. Instead, we mount a flat
mirror on the coil fixture above the atoms, from which the absorption
laser reflects. The absorption imaging system produces a picture with
two atom clouds: one in focus and the other one out of focus. This “dou-
ble image” is due to the roughly 2 mm distance between the mirror sur-
face and the atoms. We find that the image analysis works best if the
absorption beam is tilted off of vertical by enough to displace the in-
focus and out-of-focus absorption features in the image, as can be seen
in Fig. 4. For the data discussed here, the in-focus feature is fit to a
Gaussian profile, and the out-of-focus feature is ignored. Potentially, the
imaging performance could be improved by fitting to both features.

A second imaging system uses a horizontal absorption beam to
observe the atom clouds’ vertical positions. The horizontal imaging
can use either Bragg beam axis, with the imaging light directed to the
camera via a beam splitter. In the previous apparatus, polarizing optics
were used to separate the Bragg and imaging beams, but we found this
led to increased intensity fluctuations due to imperfect polarization
coupling in the optical fibers that deliver the beams.

The process for producing Bose condensates is similar to that of the
former apparatus. About 10° ¥Rb atoms are collected in the MOT, opti-
cally pumped into the F= 2, m = 2 Zeeman state, loaded into a dc spher-
ical quadrupole magnetic trap with dB/dz ~ 350 G/cm, and then
transported to the new chamber using coils mounted on a motorized
translation stage.” Atoms enter the coil fixture through a gap between
adjacent horizontal coils. An initial stage of rf-induced evaporative cool-
ing is performed in the dc quadrupole trap, cooling the atoms from a
temperature of about 1 mK to about 100 #K, where Majorana losses start
to become significant. Oscillating currents are then applied to the fixture
coils to produce a TOP trap. The initial bias field amplitude is about
40 G. Over 9 s, the amplitude is reduced to 5G, which compresses the
trap and evaporatively cools the atoms via Majorana losses at the radius
of the orbiting zero. After compression, the trap confinement frequencies
are about 100 Hz. A second stage of rf evaporation is then applied, lead-
ing to nearly pure Bose condensates with typically 2 x 10* atoms.

The atoms are adiabatically transferred from this relatively tight
trap to a weakly confining trap suitable for atom interferometry. The
nominal field in the final trap is’

ARTICLE pubs.aip.org/aip/aqs

B = By[sin Qt cos Q1% + sin Q¢ sin Q1§ + cos Q; 1Z]
1 . . R
+ EBII cos Qt(xx + yy — 222), )

where B, is the bias amplitude and B is the gradient amplitude. The
two TOP frequencies are ; = 27 x 10 kHz and Q, = 27 x 1 kHz.
The resulting time-averaged potential energy u(|B|) provides har-
monic confinement along with a linear term —uB)z/2 that we set
equal to mgz to cancel gravity. Here, u ~ 5 is the atomic magnetic
moment and g the acceleration of gravity. The weak trap is established
by first ramping up the B ac gradient amplitude over 1 s, and then
ramping down the dc quadrupole coil current over the course of 18 s.
As the dc quadrupole is ramped off, the bias amplitude B, is also grad-
ually increased from 5 to 15G. By carefully adjusting the dc trap loca-
tion and the parameters of the ramps, the residual oscillation
amplitude of the atoms in the final trap is limited to about 30 yum. For
the work presented here, the trap has horizontal frequencies near
3.5Hz and a vertical frequency near 4.0 Hz. In comparison, the work
of Moan et al.” used trap frequencies near 10 Hz.

While the coil fixture is electrically insulating, the TOP fields do
produce eddy currents in the steel vacuum chamber and mounting
flange. These alter the applied fields by roughly 10%. We have not
attempted to model the eddy currents, but instead compensate for
their effects experimentally by adjusting the coil driver amplitudes and
phases.

To characterize the stability of the trapping potential, we deliber-
ately excited a collective “sloshing” oscillation of the condensate and
measured the time scale over which the oscillations remained coherent.
Representative data are shown in Fig. 2. The oscillations developed
about 0.2 rad of phase noise after 100 s. This corresponds to a relative
stability of 107%, in agreement with expectations based on our thermal
analysis.

Oscillation data are also useful for characterizing the anharmo-
nicity of the trap. Anharmonicity is important because it can cause
both uncontrolled phase shifts and a loss of visibility for the atom
interferometer.””** The most significant anharmonic contributions in
our case give a potential

1 ’z o 4 z!
V(p,z) = Emw2 <p2 + (%2 +a21%+a03§+ 0401%-0— 01 77 |

3

where p? = x* 4+ y* and { = w,/w. We characterize the anharmonic
terms by dimensionless parameters a,,,, with the orbit radius R serving
as a scale factor. This facilitates comparison between traps with differ-
ent confinement strengths.

We determine the values of the a,, by analyzing trajectories of
atoms oscillating in the trap as in Ref. 29. We use a classical approxi-
mation in which a wave packet is modeled as a Newtonian particle
moving in the anharmonic potential. Table I compares the results of
this analysis for our old trap with R = 0.20 mm and our current trap at
R=0.53mm. We find that even with the increased radius, the new
trap is as good as or better than the previous version.

lll. METHODS

The condensate wave packets in the new trap have
Thomas-Fermi size L ~ 20 um, while the Sagnac orbit radius is R
~ 500 um. The dual interferometer requires that both sets of packets

AVS Quantum Sci. 6, 014401 (2024); doi: 10.1116/5.0173769
Published under an exclusive license by AIP Publishing

6, 014401-3

LL:0€:G} $20Z Asenuer oL



AVS Quantum Science

ARTICLE pubs.aip.org/aip/aqs

400
200

o

L
)
(=} (=}
S S

Position (pm)

1 7Ll Iy 1
7/

2 30 100 100.5

Time (s)

Fie. 2. Position of atoms in TOP trap. Data points show the central position of a single condensate as it oscillates vertically in the trap; note the breaks in the horizontal scale.
The curve is a single sinusoidal fit to the full data set, including points not shown at intermediate times. It can be seen that the atomic oscillations remain coherent up to a time

of 100 s. The fitted frequency is @, = 2r x 3.8673(3) Hz.

overlap with each other after one or more orbits, and this requires pre-
cise control of both the Bragg beam alignment and the trap potential:
the two Bragg lasers must be aligned to be horizontal and orthogonal
to each other, the trap must be adjusted to be cylindrically symmetric,
and the gradient of the trap must be aligned parallel to gravity. We
outline here the procedures used to achieve these conditions.

The Bragg beams operate at a typical detuning of 20 GHz from
the D2 resonance at 780.24 nm. The y Bragg beam is shaped by ana-
morphic prisms to give Gaussian waists of 0.6 and 2.5 mm, respec-
tively, in the vertical and horizontal directions, which improves its
uniformity across the two interferometers. The x beam is applied only
to a single packet, so it is circular with a waist of 1.1 mm. The two
beams are aligned to be orthogonal to an accuracy of about 1° by split-
ting stationary condensates and observing the resulting trajectories
with the vertical imaging camera. The vertical beam alignment is
adjusted by observing the trajectories with the horizontal camera. The
p*z anharmonic term is large enough to make the horizontal motion
deviate significantly from a straight line, but the Bragg beam angle can
be set with an accuracy of 1° by ensuring that the trajectories of the
two split packets are initially horizontal.

The cylindrical symmetry of the trap depends on both harmonic
and anharmonic terms. In this work, we did not attempt to control
anharmonic asymmetries. Harmonic asymmetries in the potential are
parameterized by dimensionless A and y as

V= %mwz [(1+A)%% + (1 = Ay + 2py). @)

Trap asymmetries can arise from imperfect coil windings, fields from
lead wires, and induced eddy currents. As discussed in Ref. 9, our TOP
trap configuration allows these terms to be corrected using the current
drive signals. The diagonal asymmetry A can be controlled by adjust-
ing the relative amplitudes of the rotating bias field components along
x and y, with A= (B,—B,)/7By and mean bias amplitude
By = (B + B,) /2. The off-diagonal term y is controlled by the phase
offset 3 between the x and y fields, with y = 28/7.”° The amplitude

TasLE |. Anharmonic parameters of the old and new TOP traps, as defined in Eq. (3).
The value of ap4 in the old trap is corrected for an error in Eq. (21) of Ref. 29.

as ao3 a0 o4
Oldtrap  0.10(30)  0.090(10)  —0.0030 (3)  0.016 (5)
Newtrap  0.12(6)  0.047 (5) ~0.0036 (3)  0.006 (3)

and phase parameters are initially adjusted by observing the oscillating
trajectories of split condensates in the x and y directions. A non-zero A
value causes the oscillation frequencies to be unequal, while a non-zero
7 value causes the trajectories to curve away from the initial axis.

In practice, the y parameter and the vertical beam alignment are the
most important of these imperfections for the interferometer perfor-
mance. The oft-diagonal asymmetry causes the final positions of the wave
packets to separate horizontally by a distance Ax = mnyR after n orbits.
Maintaining good overlap Ax < L, thus, requires ny < L/nR ~ 1072,
The vertical angle £ of the y Bragg beam causes the two packets to be dis-
placed vertically by an amount Az = (2RE/{) sin(2nn{), so ensuring
good overlap requires ¢ < L{/2R ~ 2 x 1072 rad. The trajectory mea-
surements are typically sufficient to reach Ay, Az ~ L so that interference
can be observed, and then further fine adjustments are made to maximize
the interference visibility.

A final adjustment that we found to be critical is the alignment
of the trap potential gradient with gravity. The field of Eq. (2) pro-
vides a vertical gradient and horizontal symmetry, but we initially
observed asymmetric trajectories such as in Fig. 3(a), where the ver-
tical motion is different for packets receiving positive and negative
horizontal Bragg kicks. Modeling of the trajectories indicated that
the magnetic gradient was in fact a few degrees off of vertical, which
we attribute to the effects of eddy currents in the vacuum chamber.
In a perfectly harmonic trap, a misaligned gradient would simply
displace the trap center, but in the presence of the relatively large
p*z anharmonicity, it introduces asymmetry that prevents the inter-
ferometer trajectories from closing.

In order to correct for this effect, we modify the gradient time
dependence in (2) to

1
EB/I [cos Qt + €sin Q;t cos(Qat + )] (xX + yy — 222),  (5)

where € and / are variable control parameters. Because the gradient
now has a component matching the time-dependence of the horizontal
bias fields, the time-averaged field acquires a horizontal gradient that
evaluates to first order in € as

%GB’I (xcosyy — ysin). (6)

We then adjust € and i to symmetrize the wave packet trajectories, as
seen in Fig. 3(b). While we use this technique here to correct for the
effects of eddy currents, it could more generally be applied to compen-
sate for the motion of a vehicle in an inertial navigation system.
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Fie. 3. Atomic trajectories in the presence of anharmonicity. In each graph, the red
circles and blue squares show the trajectories of wave packets launched to the right
and left, respectively. The black diamond indicates the common starting point at the
trap center, and the open symbols indicate the final point of each trajectory. Points
give the center location of the wave packet, determined by analyzing absorption
images at different times of flight. Curves are model trajectories for a Newtonian
particle in the anharmonic potential. (a) Asymmetric trajectories observed when the
vertical trap axis is tilted by approximately 12° due to eddy currents in the vacuum
chamber walls. Here, the two wave packets fail to overlap after a complete oscilla-
tion. (b) Symmetric trajectories obtained by modifying the field as in Eq. (5) with
e ~ 0.7, =~ 50°. Here, the packets are well overlapped after a complete oscilla-
tion. The relatively large value of e used also causes an increase in the horizontal
oscillation frequency, from 3.3 to 4.3 Hz.

IV. RESULTS

Figure 4 shows a typical absorption image of the interferometer
output, consisting of three output wave packets for each of the two
interferometers. Each of the six absorption peaks is fit to a Gaussian to
determine the relative atom numbers Njj, where i=1 or 2 labels the
two interferometers and j = +, 0, or — labels the output momentum.
For each interferometer, an output signal is calculated as

S = L 7)

Nio + Niy + Ni—

The signals depend on the interferometer phases as S; = Sp(1
+V; cos ¢;), where Sy == 1/2 is the mean signal, V; is the interferometer
visibility, and ¢; is the phase. The individual phases are randomly distrib-
uted between 0 and 27, primarily due to vibrations of the optical table.
The fluctuations are correlated, however, with ¢, — ¢, = ® approxi-
mately constant. To extract @, we plot S, vs S; and fit the resulting points
to an ellipse, as seen in Fig. 5. The differential phase is expressible as

2ab
tan® = (a? — b?)sin 20’ ®
where a is the ellipse major axis, b is the minor axis, and 0 is the angle
of the major axis. Here, ® and 27 — @ yield equivalent ellipses, so we
obtain a phase in the range 0 < ® < 7.

For the dataset in Fig. 5, we obtain ® = 1.51 rad. The expected
Sagnac phase from the Earth’s rotation is 0.5 rad, but trap imperfec-
tions and anharmonicities also contribute to ®. Using the trap param-
eters and uncertainties reported here with the semiclassical phase
calculations of Ref. 28, we estimate the total trap phase to fall in a range
+20rad. The static value we obtain for @ is, therefore, not directly

ARTICLE
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Fic. 4. Example interferometer output image. The three absorption features in the
lower left are the atoms from interferometer 1 with a signal Sy = 0.74, and the
three features in the upper right are from interferometer 2 with signal S, = 0.43.
Each atomic wave packet produces two images, one in focus and seen as a com-
pact spot, and the other out of focus and seen as a set of rings. These arise
because the absorption probe beam passes through the atoms twice; see Fig. 1.
The coordinate axes indicate the trap center (relative to the compact spots) and the
Bragg beam directions. The field of view shown is 1.56 mm across.

0.6

S

04 F

0 0.2 0.4 0.6 0.8 1
S
Fic. 5. Interference ellipse, single orbit. Data points are signal (S, S,) pairs

obtained in N=40 sequential runs of the experiment. The curve is a fitted ellipse
yielding a differential phase ® = 1.5(1) rad and visibilities V4 = 0.52, V, = 0.56.
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useful for rotation sensing, but to the extent that the trap phase is sta-
ble, the interferometer can measure changes in rotation rate. This is
not a limitation for navigation applications since the zero-rotation bias
can be calibrated and subtracted out.

The sensitivity to rotations depends on the uncertainty in the
phase. To estimate the uncertainty o¢, we numerically calculate the
variation in @ required to increase the 3> goodness-of-fit parameter by
a factor of 1/(N — 5), where N is the number of data points and 5 is
the number of fit parameters.”” As ® is varied, the other four fit
parameters are adjusted to keep y*> minimized. For the dataset of
Fig. 5, we find 6 = 0.1 rad. In comparison, when we acquire multiple
datasets under the same conditions, we obtain a standard deviation of
0.15rad, in reasonable agreement.

The standard quantum limit (SQL) for the differential phase uncer-
tainty is 2/ Nt10<2’ where Ny is the total number of atoms measured over
the 40 runs. Here, Ny = 10, so the SQL is 2 mrad, about 50 times
lower than observed. A part of this discrepancy comes from the ellipse
fitting process: because the phase of each individual interferometer is not
controlled, many measurements occur near ¢); = 0 or 7, where the phase
sensitivity is low, so even a perfect interferometer of this type would not
achieve the standard quantum limit. However, our analysis suggests that
shot-to-shot technical phase noise of order 1rad is also present, which
we attribute to variations in the trap phase caused by fluctuations in the
TOP fields.”® An investigation of the noise performance of the interfer-
ometer is ongoing and will be the subject of a future paper.

We attribute the imperfect visibility of the interferometers to tilt-
ing of the trap, which is challenging to set precisely. Although the
field-tilting method of Eq. (5) is precisely adjustable, changing the trap
tilt causes the atoms to move relative to the coil structure and Bragg
beams, which then requires considerable readjustment of other param-
eters. We estimate that we achieve a tilt precision of about 1°, which
corresponds to a packet overlap accuracy of about 20 yum. Since this is
comparable to the packet size, a visibility of 0.5 is plausible.

With the single-orbit interferometer optimized, we were able to
observe an interference signal after two orbits as well, with results
shown in Fig. 6 (solid black points). The visibilities are reduced to 0.19
for each interferometer, but the ellipse shape of the graph is still clearly
distinguishable. For operation with three orbits, we were unable to
obtain interferometer data that was distinguishable from noise.

The open gray points in Fig. 6 are measurements obtained when
the trajectories are deliberately misaligned so that the wave packets fail
to overlap, illustrating detection noise in the system. The standard
deviation of the signals is then ¢ = 0.03, which can be compared to
the standard quantum limit of 0.01 for a single measurement. We attri-
bute the excess noise to spatial variations in the absorption probe and
reference laser beams.

The data of Figs. 5 and 6 were taken in a trap with horizontal fre-
quency @ = 2m x 3.3 Hz and orbit radius R=0.57 mm. Thus, the
enclosed area for one orbit is 1.0 mm?, but the effective area accounting
for all four packets is 4.1 mm? for the single-orbit measurement and
8.2 mm? for the two-orbit results. Although we did not apply a deliber-
ate rotation in these experiments, we calculate the Sagnac sensitivity

o5 8nnmR>?

Q n
where 7 is the number of orbits. The experiment of Fig. 5 has a sensi-
tivity of 1.1 x 10* rad/(rad/s) and a phase uncertainty ¢ = 0.1 rad,
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Fic. 6. Interference ellipse, two orbits. The solid black points are (S;, Sy) values as
in Fig. 5, and the curve is an elliptical fit yielding ® = 1.3(2), V4 = V, = 0.19.
The open gray points illustrate detection noise and are acquired by deliberately mis-
aligning the interferometer to suppress interference. The open points have been uni-
formly offset to the center of the ellipse curve, to improve clarity.

yielding a rotation error of 9 urad/s. The two-orbit data of Fig. 6 have
twice the sensitivity but also twice the uncertainty, leading to the same
rotation error. In either case, this is an order of magnitude improve-
ment over the results reported in Ref. 9.

We also characterize the long-term stability of the single-orbit
interferometer. Over a period of 24h, we observe variations d® of
approximately 0.2 rad, which are consistent with the short-term phase
noise. Similar variations were observed either with the interferometer
running continuously for the 24-h period or with the experiment shut
down and restarted 24 h later. In the second test, the lasers, trap cur-
rents, and Rb source were turned off, while vacuum pumps and other
control equipment were left on. After restarting, the apparatus was
allowed to warm up for 1 h before interferometer measurements were
taken. In both tests, the only user interventions applied were adjust-
ments to the Bragg laser power to maintain optimum splitting pulse
efficiency, with adjustments of a few percent required every few hours.
The measured phase variations correspond to a rotational bias stability
better than 20 urad/s. Further investigations of bias stability will also
be reported in future work.

V. CONCLUSIONS AND FUTURE DIRECTIONS

Compared to our previous system, the apparatus presented here
demonstrates roughly an order of magnitude improvement in both
trap stability and rotation sensitivity. The system is robust and reliable,
opening up new techniques like multiple orbits and tilt control, and
allowing for investigations of noise and drift.

However, further improvements will be required to be potentially
useful for inertial navigation. The sensitivity of a navigational rotation
sensor can be expressed using the angle-random walk (ARW) parame-
ter 6Q1!/2, where rotational accuracy 5Q is obtained in averaging
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time 7.” A typical MEMS gyroscope has an ARW on the order of 5°/
h'2, while a high-performance optical gyroscope can achieve
10-2°/h"2”" Given the 4000 s measurement time required to take the
data of Fig. 5, our system exhibits an ARW of 2°/h'2. Potential
improvements that can be considered include eliminating technical
phase noise, decreasing the cycle time of the experiment from 100 to
55 using atom-chip or optical-trap techniques,”” increasing the single-
orbit area to 1.5mm?, and increasing the number of orbits to 10. All
together, these would result in an ARW parameter of 1074°/h',
which would be compelling for a compact sensor. Although these
improvements are technically challenging, they are compatible with
fundamental constraints including collisional losses and dephasing
effects from interactions.

The bias stability in navigation applications is also important.” It
ranges from tens of degrees per hour for MEMS devices to 103 per
hour for optical sensors.”’ Our observations indicate stability better
than 4°/h, but this is likely limited by short-term noise rather than
long-term drift. Good stability is typically a feature of atomic devices,
since atoms are intrinsically stable and highly effective laser stabiliza-
tion techniques are available. However, our interferometer is also sen-
sitive to the trapping fields, which are subject to drifts. For instance,
one candidate for the short-term phase noise that we observe is fluctu-
ations dw in the trap frequency coupled to a non-zero yxy term in the
trap potential of Eq. (4). From Ref. 28, this leads to phase fluctuations

0D = 2m*kRy(n + 2n%) %U (10)

If y can be stabilized at the 10~ level and long-term variations dw/w
controlled at the 107° level, then the expected phase noise would be
3 x 107 rad for the single-orbit parameters demonstrated here, and
5 x 1072 rad in the high-sensitivity system outlined above. The corre-
sponding rotational bias stability would be 5 x 107* and 1 x 10~*°/h,
respectively. These performance levels again seem feasible, if challenging.

Our primary motivation for pursuing a trapped-atom interferome-
ter is the potential for a compact apparatus, as size requirements are in
practice critical for inertial navigation applications. The vacuum cham-
ber in our present apparatus is about 2 m long and is installed on a con-
ventional optical table. However, Bose condensation can be achieved in
much smaller devices using atom-chip or laser-trap technologies.
Compact condensate interferometers have been implemented both on
sounding rockets® and on the International Space Station,”* with total
system volumes of about 10°cm?®. Advances in integrated photonics™
and vacuum technology™ are expected to reduce these requirements sig-
nificantly. In comparison, a high-performance conventional inertial nav-
igation system requires volume of order 10*cm®.”” While engineering
advances will be required to make the atomic systems competitive, the
improvements do not seem out of reach.

In total, we hope the advances reported here illustrate that the
trapped atom interferometer technique has realistic potential for appli-
cations in inertial navigation and that further efforts in this area are
warranted.
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