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(57) ABSTRACT

An inertial point-source matter-wave atom interferometer
gyroscope includes an analyzer that receives fringe images
of gyroscope atoms and includes: a first fringe image that
includes a first fringe phase, a second fringe image that
includes a second fringe phase; and a third fringe image that
includes a third fringe phase, wherein the first fringe phase,
the second fringe phase, and the third fringe phase are
different; a phase mapper of the analyzer that produces a
interferometric phase map for the gyroscope atoms from the
fringe images of the gyroscope atoms; and a fitter of the
analyzer in communication with the phase mapper and that
receives the interferometric phase map from the analyzer
and determines inertial parameters of the gyroscope atoms
from the interferometric phase map, the inertial parameters
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including an acceleration and a rotation rate of the inertial
point-source matter-wave atom interferometer gyroscope
relative to the gyroscope atoms.

27 Claims, 14 Drawing Sheets
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INERTIAL POINT-SOURCE MATTER-WAVE
ATOM INTERFEROMETER GYROSCOPE
AND EXTRACTING INERTIAL
PARAMETERS

CROSS REFERENCE TO RELATED
APPLICATIONS

The application claims priority to U.S. Provisional Patent
Application Ser. No. 62/979,003, filed Feb. 20, 2020, the
disclosure of which is incorporated herein by reference in its
entirety.

STATEMENT REGARDING FEDERALLY
SPONSORED RESEARCH

This invention was made with United States Government
support from the National Institute of Standards and Tech-
nology (NIST), an agency of the United States Department
of Commerce. The Government has certain rights in the
invention. Licensing inquiries may be directed to the Tech-
nology Partnerships Office, NIST, Gaithersburg, MD,
20899; voice (301) 975-2573; email tpo@nist.gov; refer-
ence NIST Docket Number 20-026US1.

BRIEF DESCRIPTION

Disclosed is a process for extracting inertial parameters,
the process comprising: subjecting gyroscope atoms in an
expanding cold atom cloud formed from a point-source of
the gyroscope atoms to modulated light and imprinting a
laser phase of the modulated light onto the gyroscope atoms;
producing matter-wave interference among gyroscope
atoms in an expanding cold atom cloud formed from a
point-source of the gyroscope atoms in response to subject-
ing the gyroscope atoms in the expanding cold atom cloud
to the modulated light; subjecting the gyroscope atoms in the
expanding cold atom cloud to imaging light; acquiring a
plurality of fringe images of the expanding cold atom cloud
in response to subjecting the gyroscope atoms in the expand-
ing cold atom cloud to the imaging light, such that for the
plurality of fringe images a subsequent fringe image differs
from an immediate prior fringe image by a difference in
fringe phase; producing the difference in fringe phase by
changing the laser phase of the modulated light between
acquiring individual fringe images; converting the fringe
images into an interferometric phase map; fitting a linear
function of a first rotation phase, a second rotation phase, an
acceleration phase, and the laser phase to the interferometric
phase map to obtain the first rotation phase, the second
rotation phase, and the acceleration phase; and converting
the first rotation phase, the second rotation phase, and the
acceleration phase from the fitting of the linear function to
the interferometric phase map into a rotation rate and an
acceleration of an inertial point-source matter-wave atom
interferometer gyroscope in which the gyroscope atoms are
disposed to extract inertial parameters comprising the rota-
tion rate and the acceleration.

Disclosed is an inertial point-source matter-wave atom
interferometer gyroscope comprising: an analyzer that
receives a plurality of fringe images of gyroscope atoms, the
fringe images comprising; a first fringe image that comprises
a first fringe phase, a second fringe image that comprises a
second fringe phase; and a third fringe image that comprises
a third fringe phase, wherein the first fringe phase, the
second fringe phase, and the third fringe phase are different;
a phase mapper of the analyzer that produces a interfero-
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2

metric phase map for the gyroscope atoms from the fringe
images of the gyroscope atoms; and a fitter of the analyzer
in communication with the phase mapper and that receives
the interferometric phase map from the analyzer and deter-
mines inertial parameters of the gyroscope atoms from the
interferometric phase map, the inertial parameters compris-
ing an acceleration and a rotation rate of the inertial point-
source matter-wave atom interferometer gyroscope relative
to the gyroscope atoms.

BRIEF DESCRIPTION OF THE DRAWINGS

The following description cannot be considered limiting
in any way. With reference to the accompanying drawings,
like elements are numbered alike.

FIG. 1 shows an inertial point-source matter-wave atom
interferometer gyroscope;

FIG. 2 shows extraction of inertial parameters from cold
atoms;

FIG. 3 shows four fringe images, wherein each fringe
image’s phase differs from the immediate prior fringe image
by 7/2. B is an unknown fringe phase due to an acceleration
phase and Raman laser phase. The n/2 phase stepping was
made by stepping the Raman laser chirp rate. In extracting
inertial parameters from the fringe images a phase map is
produced that includes f§ and a rotation phase gradient.
Extracting inertial parameters is independent of fringe con-
trast, fringe orientation, fringe frequency, or fringe phase;

FIG. 4 shows azimuthal scans of fixed-magnitude rotation
vectors with the empirical data processed by extracting
inertial parameters and a Principal Component Analysis
(PCA) method for indicated rotation rates. A half-length of
an error bar for each point is the value of 2D fit error. In (a),
the dashed lines are sine and cosine fits to the time traces. In
(e), the dashed lines are magnitude-sine and cosine fits. The
SHEEP method produces clearer fringes than PCA at low
rotation rates leading to a better assessment of the rotation
rate from the data;

FIG. 5 shows a graph of normalized measured rotation
rate versus applied rotation rate for fit results of single
rotation measurement in extracting inertial parameters and a
PCA method. Here, the normalized measured rotation rate
was obtained for each fitting procedure. The half-length of
the error bar is the normalized 2D-fit standard error. The
error bars are longer at lower rotation rates for the PCA
method because it is more difficult to fit a sinusoidal function
when there is less than one fringe in the image. The top
horizontal axis is a calculated number of fringes along the
diagonal of an image versus the rotation rate for an ideal
point source, (2kefTR2)/ (T, )x€2x(d/2x), with d=2.6 mm as
a length of the diagonal, Tz=7.8 ms, and T,,=25.9 ms. In the
partial fringe regime, around 0.2 to 0.4 degrees/s, two data
points for the PCA method have error bars may extend to
negative values because symmetric error bars are used.
However, the normalized rotation rate is positive. The
SHEEP method produces a more accurate measurement of
the rotation rate with smaller error than PCA at low rotation
rates leading to a better assessment of the rotation rate from
the data;

FIG. 6 shows Allan deviation plots of rotation measure-
ments and measured values versus applied rotation rates. (a)
and (b) are plots of Allan deviation curves of rotation
measurements at an applied rotation rate of 3.2 deg/s and
zero applied rotation rate, respectively. Curves were fit from
1 to 10 seconds with the function A/'t-\/K/‘l:, where the fit
parameter A is an estimate of the Allan deviation at one
second. Measured rotation rates are plotted versus the
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applied rotation rate in (c). The half-lengths of the error bars
equal the respective coefficients A. Note that the right-most
data points (squares and circles) are overlapped. The dot-
dashed line equals the applied rate (for a scale factor of one).
The top horizontal axis shows the number of fringes in the
image. The SHEEP method produces a more accurate mea-
surement of the rotation rate with smaller error than PCA at
low rotation rates leading to a better assessment of the
rotation rate from the data;

FIG. 7 shows fringe images that are plotted as the
population ratio of the F=2 state. The imaging plane is
perpendicular to the direction of the Raman laser beams. The
fringe phases are 0, 7w/2, w, and 37/2 relative to the unknown
acceleration and Raman laser phase. All images have 36-36
pixels and a physical size of 1.9x1.9 mm?. There are clearly
structures in the normalized population ratio image from
imperfections in the imaging process. However, extracting
inertial parameters provides a phase map free from most of
the structure in the normalized population ratio images
through common mode noise cancellation;

FIG. 8 shows images for extracting inertial parameters,
wherein (left panel) a phase map is derived from the fringe
images with an inverse tangent function output unwrapped.
The middle panel shows a 2D linear fitting to the phase map.
The right panel shows a fit residual. All images have 36x36
pixels and a physical size of 1.9x1.9 mm?;

FIG. 9 shows parallel operation of many Mach-Zehnder
atom interferometers with a cloud of cold atoms expanding
inside a pair of counterpropagating Raman-laser beams of
relatively large beam diameter, oriented along z. Two of the
many atom interferometers are shown, indicated in red and
blue. The position-velocity correlation of a point source
preserves the interferometer phase shifts, which are read out
as an image of spatial fringes in a population distribution;

FIG. 10 shows a glass vacuum cell and surrounding optics
of an inertial point-source matter-wave atom interferometer
gyroscope as a point-source atom interferometer (PSI). The
inner dimension of the glass cell was 1 cm®. The inertial
point-source matter-wave atom interferometer gyroscope
measures acceleration in the z direction and the projection of
the rotation vector onto the x-y plane, wherein PBS is a
polarizing beam splitter;

FIG. 11 shows offset phase of the rotation fringes shifting
as the acceleration phase is scanned by scanning the Raman-
laser chirp rate. The inset of a 2.1x2.1 mm? area shows the
first fringe image (zero mean, reconstructed) in the data set
of 181 images. The arrow indicates the direction of the
fringes’ travel. A linear fit is shown with fixed slope
-402.124 rad ms/kHz. The simulated rotation is 2.02°/s in
the +x direction. The average measured rotation rate is
1.60°/s. The experimental repetition rate is 5 Hz and the
duration of the data set is 36 s;

FIG. 12 shows a laser system for an inertial point-source
matter-wave atom interferometer gyroscope. The ECDL is
locked to ®Rb saturated absorption line. The telecom laser
is locked to the ECDL by an OPLL. The set point f,,,,
cycles through four frequencies. With EOM and AOMs, the
system provides laser frequencies for the inertial point-
source matter-wave atom interferometer gyroscope. Scan-
ning of the Raman-laser chirp rate is done by varying the
slope of the triangular waveform applied to the dc-coupled
frequency-modulation (FM) port of the synthesizer. AM,
amplitude modulation; BPF, bandpass filter; DDS, direct
digital synthesizer; PD, photodiode; VCO, voltage-con-
trolled oscillator; and

FIG. 13 shows laser transition frequencies (a) and timing
sequence (b). The black arrow shows the ECDL frequency
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when it is locked. The OPLL set point (f,z; ;) cycles through
four frequencies: 53.325 MHz (1), 319.975 MHz (2),
549.140 MHz (3), and 749.140 MHz (4). The repetition rate
is 5 or 10 Hz.

DETAILED DESCRIPTION

A detailed description of one or more embodiments is
presented herein by way of exemplification and not limita-
tion.

It has been discovered that an inertial point-source matter-
wave atom interferometer gyroscope provides a simple, high
dynamic range, and efficient extraction of phase map
(SHEEP) for point source atom interferometry that includes
subjecting cold atoms to laser pulses to measure the accel-
eration, rotation direction, and rotation rate of the inertial
point-source matter-wave atom interferometer gyroscope.
The inertial point-source matter-wave atom interferometer
gyroscope can be used for inertial navigation. While con-
ventional atom interferometers analyze data with conven-
tional data processing and nonlinear function fitting, which
is slow and can fail, the inertial point-source matter-wave
atom interferometer gyroscope incorporating SHEEP
obtains fringe images of gyroscope atoms in a plurality, e.g.,
four phase-shifted images, to measure a phase map. Each
pixel value of an image is used to directly calculate gyro-
scope phase for determination of rotation rate, rotation
direction, and acceleration in an absence of fitting nonlinear
trigonometric and Gaussian functions to image data.

The inertial point-source matter-wave atom interferom-
eter gyroscope directly measures the atom phase gradient
pattern in a point source matter-wave atom interferometric
image and has advantages over conventional devices and
methods, including measuring smaller rotation rates, data
processing without fitting a nonlinear function to a data
image, a higher measurement bandwidth, a more reliable
measurement due to common mode noise cancellation.

Inertial point-source matter-wave atom interferometer
gyroscope 200 extracts inertial parameters from cold atoms.
In an embodiment, with reference to FIG. 1, FIG. 2, FIG. 3,
FIG. 10, FIG. 12, and FIG. 13, inertial point-source matter-
wave atom interferometer gyroscope 200 includes: analyzer
212 that receives a plurality of fringe images 208 of gyro-
scope atoms 203, fringe images 208 including: first fringe
image 208.1 that includes a first fringe phase, second fringe
image 208.2 that includes a second fringe phase, third fringe
image 208.3 that includes a third fringe phase, and fourth
fringe image 208.4 that includes a forth fringe phase,
wherein the first fringe phase, the second fringe phase, third
fringe phase, and fourth fringe phase are different; phase
mapper 215 of analyzer 212 that produces interferometric
phase map 216 for gyroscope atoms 203 from fringe images
208 of gyroscope atoms 203; and fitter 217 of analyzer 212
in communication with phase mapper 215 and that receives
interferometric phase map 216 from analyzer 212 and deter-
mines inertial parameters of gyroscope atoms 203 from
interferometric phase map 216, the inertial parameters
including acceleration 213, rotation direction 222, and rota-
tion rate 214 of inertial point-source matter-wave atom
interferometer gyroscope 200 relative to gyroscope atoms
203.

In an embodiment, inertial point-source matter-wave
atom interferometer gyroscope 200 includes imager 207 that
is in communication with analyzer 212 and that receives a
plurality of atom cloud projection 206, produces fringe
images 208 from atom cloud projections 206, and commu-
nicates fringe images 208 to phase mapper 215.
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In an embodiment, inertial point-source matter-wave
atom interferometer gyroscope 200 includes gyroscope gas
cell 221 that is in communication with imager 207 and that
receives gyroscope atoms 203, modulated light 202, and
imaging light 205, produces each atom cloud projection 206
in response to receipt of imaging light 205, and communi-
cates each atom cloud projection 206 to imager 207.

In an embodiment, inertial point-source matter-wave
atom interferometer gyroscope 200 includes imaging light
source 204 that is in communication with gyroscope gas cell
221 and that produces imaging light 205 and subjects
gyroscope atoms 203 to imaging light 205 to produce each
atom cloud projection 206.

In an embodiment, inertial point-source matter-wave
atom interferometer gyroscope 200 includes modulated light
source 201 that is in communication with gyroscope gas cell
221 and that produces the modulated light 202 and subjects
the gyroscope atoms 203 in the gyroscope gas cell 221 to the
modulated light 202. In an embodiment, modulated light 202
includes a laser pulse sequence including: a first laser pulse
including a first laser pulse including a first laser power and
first laser pulse width, a second laser pulse including a
second laser power and second laser pulse width, and a third
laser pulse including a third laser power and third laser pulse
width, such that the first laser pulse, the second laser pulse,
and the third laser pulse operate as matter-wave beam
splitters, mirrors, and beam splitters, respectively. In an
embodiment, the laser pulse sequence is a w/2-n-m/2 Raman
laser pulse sequence. In an embodiment, the difference of
laser phase of modulated light source 201 between acquiring
individual fringe images 208 is /2.

In an embodiment, inertial point-source matter-wave
atom interferometer gyroscope 200 includes phase shifter
209 that is in communication with modulated light source
201 and that produces phase control signal 210 and com-
municates phase control signal 210 to modulated light
source 201, such that a phase of modulated light 202
produced by modulated light source 201 changes in response
to phase control signal 210.

Components of inertial point-source matter-wave atom
interferometer gyroscope 200 can be made from and include
various materials. The vapor atoms for gyroscope atoms 203
can be, e.g., alkali metal atom or alkaline earth metal. The
gyroscope gas cell 221 can be a container that can be
evacuated to a certain pressure and contain the vapor atoms
for production of gyroscope atoms 203. Exemplary gyro-
scope gas cell 221 are vacuum chambers, optically trans-
parent materials such as glass, quartz, and the like. A base
pressure when loaded with vapor atoms can be less than
1x1077 Torr. Modulated light source 201 can be a visible or
infrared laser that produces pulses of modulated light 202 or
imaging light source 204, wherein the pulse characteristics
of modulated light 202 are controlled by phase shifter 209
such as the configuration shown in FIG. 12 and other RF,
electro-optic, acousto-optic, and other components. It should
be appreciated that wavelengths of modulated light 202 and
imaging light 205 are selected to produce quantum state
selection of gyroscope atoms 203, wave-matter interferom-
etry of gyroscope atoms 203, quantum state-selective imag-
ing of gyroscope atoms 203, e.g., as shown in FIG. 13.

Imager 207 can be an image capturing device such as a
charge coupled device camera with a duty cycle within the
pulse repetition rate of imaging light source 204 or modu-
lated light source 201. Analyzer 212 includes fitter 217 and
phase mapper 215 that can be various data acquisition and
analysis equipment including an oscilloscope, field pro-
grammable gate array, computer processor, digital-to-analog
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converter, and the like. Such equipment receives an arbitrary
number of fringe images 208 from imager 207 and deter-
mines acceleration 213, rotation direction 222, and rotation
rate 214 from fringe images 208.

The phase error of modulated light 202 incident on
gyroscope atoms 203 must be less than a fraction of pi such
that the phase between each of fringe image 208.1, fringe
image 208.2, fringe image 208.3, and fringe image 208.4 is
pi/2. The phase stability and phase error of the phase shifter
209, modulated light source 201, and other related compo-
nents must be of appropriate quality and parameters. The
noise due to the laser phase, vibrations of the system, and
other noise sources is well-controlled to minimize the phase
jitter between subsequent phase images fringe image 208.

Inertial point-source matter-wave atom interferometer
gyroscope 200 can be made in various ways. It should be
appreciated that inertial point-source matter-wave atom
interferometer gyroscope 200 includes a number of optical,
electrical, or mechanical components, wherein such compo-
nents can be interconnected and placed in communication
(e.g., optical communication, electrical communication,
mechanical communication, and the like) by physical,
chemical, optical, or free-space interconnects. The compo-
nents can be disposed on mounts that can be disposed on a
bulkhead for alignment or physical compartmentalization.
As a result, inertial point-source matter-wave atom interfer-
ometer gyroscope 200 can be disposed in a terrestrial
environment or space environment.

In an embodiment, a process for making inertial point-
source matter-wave atom interferometer gyroscope 200
includes: disposing modulated light source 201 and imaging
light source 204 in optical communication with gyroscope
gas cell 221 by optical fiber and/or free space propagation
incident on a vacuum window; disposing vapor atoms for
gyroscope atoms 203 in gyroscope gas cell 221 by a source
such as an electrochemical dispenser device; connecting
phase shifter 209 to modulated light source 201 for com-
munication of phase control signal 210 to modulated light
source 201; connecting phase shifter 209 to analyzer 212 for
communication of phase shift timing signal 211 to analyzer
212 so that analyzer 212 can time acquisition and analysis of
fringe images 208; disposing imager 207 in optical commu-
nication with gyroscope gas cell 221; and connecting imager
207 to analyzer 212.

Inertial point-source matter-wave atom interferometer
gyroscope 200 has numerous advantageous and unexpected
benefits and uses. In an embodiment, a process for extracting
inertial parameters with inertial point-source matter-wave
atom interferometer gyroscope 200 includes: subjecting
gyroscope atoms 203 in expanding cold atom cloud 220
formed from point-source 219 of gyroscope atoms 203 to
modulated light 202 and imprinting a laser phase of modu-
lated light 202 onto gyroscope atoms 203 by optical fiber
and/or free space propagation incident on a vacuum win-
dow; producing matter-wave interference among gyroscope
atoms 203 in expanding cold atom cloud 220 formed from
point-source 219 of gyroscope atoms 203 in response to
subjecting gyroscope atoms 203 in expanding cold atom
cloud 220 to modulated light 202, e.g., by pi/2-pi-pi/2
Raman pulse sequence; subjecting gyroscope atoms 203 in
expanding cold atom cloud 220 to imaging light 205 by
transmitting a collimated optical field through a window into
the vacuum system containing the atoms; acquiring a plu-
rality of fringe images 208 of expanding cold atom cloud
220 in response to subjecting gyroscope atoms 203 in
expanding cold atom cloud 220 to imaging light 205, such
that for the plurality of fringe images 208 a subsequent
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fringe image differs from an immediate prior fringe image
by a difference in fringe phase by changing the relative
frequency chirp rate between the set of Raman beam pairs;
producing the difference in fringe phase by changing the
laser phase of modulated light 202 between acquiring indi-
vidual fringe images 208 by changing the relative frequency
chirp rate between the set of Raman beam pairs; converting
fringe images 208 into interferometric phase map 216;
fitting a linear function of a first phase gradient, a second
phase gradient, and an offset to obtain a first rotation phase
gradient, a second rotation phase gradient, and acceleration
phase, and the laser phase to interferometric phase map 216
to obtain the first rotation phase gradient, the second rotation
phase gradient, and the acceleration phase by a mathematical
analysis; and converting the first rotation phase gradient, the
second rotation phase gradient, and the acceleration phase
from the fitting of the linear function to interferometric
phase map 216 into rotation rate 214 and acceleration 213 of
inertial point-source matter-wave atom interferometer gyro-
scope 200 by using a mathematical analysis software pack-
age to extract inertial parameters including rotation rate 214,
rotation direction 222, and acceleration 213.

In an embodiment, extracting inertial parameters includes
disposing vapor atoms in gyroscope gas cell 221 by a source
such as an electrochemical dispenser device, wherein gyro-
scope gas cell 221 is a rotational frame relative to the vapor
atoms; producing gyroscope atoms 203 as point-source 219
by cooling the vapor atoms in gyroscope gas cell 221 by a
magneto-optical trap, such that that gyroscope atoms 203 are
laser cooled atoms, and gyroscope gas cell 221 is rotational
frame relative to gyroscope atoms 203; and expanding cloud
of gyroscope atoms 203 from point-source 219 as expanding
cold atom cloud 220 by releasing it from the cold atom trap.

In an embodiment, extracting inertial parameters includes
optically pumping gyroscope atoms 203 to a first sublevel,
e.g., F=1, mF=0, of a ground electronic state, e.g., an singlet
state, of gyroscope atoms 203 by laser beam pulses of
appropriate polarizations, powers, and frequencies; and sub-
jecting gyroscope atoms 203 to laser pulses of modulated
light 202 applied in gyroscope gas cell 221 by optical fiber
or free space propagation incident on a vacuum window
transmitting a collimated optical field through a window into
the vacuum system containing the atoms.

In an embodiment, extracting inertial parameters includes
imaging gyroscope atoms 203 in expanding cold atom cloud
220 in a plane transverse to modulated light 202 with
state-selective absorption of imaging light 205 by a laser
beam pulse of appropriate polarization, power, and fre-
quency imaged onto an imaging device such as charge-
coupled device (CCD) camera. In an embodiment, imaging
gyroscope atoms 203 in expanding cold atom cloud 220
includes: performing normalized detection of expanding
cold atom cloud 220 by: acquiring a first image of gyroscope
atoms 203 in a second sublevel, e.g., in 87Rb F=2 state, of
the ground electronic state of gyroscope atoms 203, repump-
ing all gyroscope atoms 203 in a first sublevel, e.g., in 87Rb
F=1 state, to the second sublevel, e.g., 87Rb F=2, of the
ground electronic state of gyroscope atoms 203, and acquir-
ing a second image of gyroscope atoms 203 in the second
sublevel of the ground electronic state by a laser beam pulse
of appropriate polarization, power, and frequency. In an
embodiment, extracting inertial parameters acquiring each
fringe image 208 includes taking a ratio of the first image to
the second image, such that fringe image 208 includes a
population ratio of gyroscope atoms 203 in the second
sublevel of the ground electronic state by calculation in
mathematical analysis software. In an embodiment, obtain-
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ing the images 208 using the absorption of light by the
atoms. In an embodiment, the plurality of fringe images 208
includes four fringe images, and the four fringe images 208
have different fringe phases. In an embodiment, interfero-
metric phase map 216 includes: phase offset R due to an
acceleration phase of a rotational frame and the laser phase;
a rotation phase gradient; and a population ratio. In an
embodiment, in acquiring the four fringe images 208, the
fringe phase of each subsequent fringe image 208 acquired
differs from the fringe phase of the previous fringe image
208 acquired by m/2. In an embodiment, changing the laser
phase includes stepping a laser chirp rate to produce the
difference in fringe phase prior to obtaining each fringe
image 208 by modulating a frequency source that controls
the laser frequency by a series of rf, acousto-optic, and/or
electro-optic devices, wherein, in converting fringe images
208 into interferometric phase map 216, the linear function
includes an inverse tangent function of the population ratio
for the four fringe images. In an embodiment, stepping the
laser chirp rate includes increasing a laser frequency chirp
rate by Va Tz

In an embodiment, in converting fringe images 208 into
interferometric phase map 216, interferometric phase map
216 ¢(x;, y;) is determined by

Py(x;, y/) = Py(xi, yi)

) = tan | 2 XTI Y
Pl 7p) = tan [Ps(x,,y»—Pl(x,,yj)

+nm,

wherein x;, y; are pixels of interferometric phase map 216;
and P,, P,, P;, and P, are respectively population ratios of
first fringe image 208.1, second fringe image 208.2, third
fringe image 208.3, fourth fringe image 208.4 of the plu-
rality of fringe images 208.

In an embodiment, in fitting the linear function to inter-
ferometric phase map 216, the linear function is provided by

Sfy)=k otk y+o,

wherein ¢, is the sum of an acceleration phase of inertial
point-source matter-wave atom interferometer gyroscope
200 and the laser phase, and k, and k, are components of the
rotation phase gradient respectively along axes orthogonal to
a propagation direction of modulated light 202.

In an embodiment, extracting inertial parameters includes
converting k, and k, from interferometric phase map 216
into rotation rate 214 according to

ke T ko TR

Q
.

=

Q, and k, =
ex

wherein k_; is an effective wave vector of modulated light
202, Q and Q are components of a rotation vector of
inertial point-source matter-wave atom interferometer gyro-
scope 200 in a plane orthogonal to the direction of propa-
gation of modulated light 202 which provides the inertial
parameter rotation direction 222; Ty is time between pulses
of modulated light 202 during producing matter-wave inter-
ference among gyroscope atoms 203 in expanding cold atom
cloud 220, and T, is a total expansion time of expanding
cold atom cloud 220. In an embodiment, T, >2Tx.

In an embodiment, in subjecting gyroscope atoms 203 in
expanding cold atom cloud 220 to modulated light 202,
modulated light 202 includes a laser pulse sequence includ-
ing: a first laser pulse including a first laser pulse including
a first laser power and first laser pulse width, a second laser
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pulse including a second laser power and second laser pulse
width, and a third laser pulse including a third laser power
and third laser pulse width, such that the first laser pulse, the
second laser pulse, and the third laser pulse act as matter-
wave beam splitters, mirrors, and beam splitters, respec-
tively. In an embodiment, the laser pulse sequence includes
a m/2-m-mt/2 Raman laser pulse sequence.

In an embodiment, producing phase control signal 210
includes controlling and stabilizing the relative phase
between the pair of Raman beams with low phase noise
components via their optical beat note, including synthesiz-
ers, photodiodes, optical phase lock loop electronics, and rf
components; and controlling the modulated light 202 phases
with phase control signal 210 includes various synthesizers,
electro-optic, or acousto-optic devices.

In an embodiment, in changing the laser phase of modu-
lated light 202 between acquiring individual fringe images
208, the laser phase is changed by @/2 by modulating a
frequency source that controls the laser frequency by a series
of rf, acousto-optic, or electro-optic devices.

According to an embodiment, inertial point-source mat-
ter-wave atom interferometer gyroscope 200 uses a set of
four phase-shifted fringe images for directly determining a
spatially-dependent atom phase map for measurements of
rotation direction, rotation magnitude, and acceleration. For
each fringe image, the laser phase is shifted such that the set
of images advances through a full 360 degrees of phase,
tracing out the physical sinusoidal variation in the atom
population corresponding to the intensity at each pixel on a
CCD camera. Extracting inertial parameters traces out of the
sine wave while taking data so that data does not need to be
fit to a sine wave in image post-processing. Instead, the atom
population for each of the four images is used to calculate
the phase map and from that the rotation and acceleration by
subtracting pairs of pixel values from each other and taking
the arctangent of their ratio. Extracting inertial parameters
significantly simplifies data acquisition, processing, and
analysis as compared with conventional methods. That the
fringe images provide rotation values without nonlinear
fitting is advantageous for measuring rotations that are
relatively slow such that a full fringe period is not visible
across the atom cloud. Inertial point-source matter-wave
atom interferometer gyroscope 200 overcomes the issue
wherein slow rotation rates are not measurable without large
errors due to nonlinear curve fitting of image fringes.
Extracting inertial parameters with this phase map method
also increases processing speed and allows fringe patterns to
be easily analyzed within a nonuniform cloud envelope or
low fringe contrast, all of which are involved in real-time
deployed navigation devices. Here, phase shifting can occur
by adjusting the laser frequency chirp rate with a controller
such as a frequency synthesizer and electro-optic modulator.
Precise control of this laser chirp rate is provided for inertial
point-source matter-wave atom interferometer gyroscope
200 and extracting inertial parameters to reconstruct an
accurate phase map.

Conventional PSI atom interferometers typically filter an
image of atom fringes followed by fitting the pattern of the
fringes to a nonlinear function including a sine wave and
Gaussian envelope, wherein filtering and nonlinear fitting
involve considerable data acquisition run-time or computer
analysis power. When the rotation rate is high, there are
many sinusoidal fringe stripes across the atom cloud. How-
ever, when the rotation rate is low, the fringe period is much
larger than the atom cloud width and a sinusoidal fit will fail
since the fringe data looks like a slight curve or straight line.
Because point-source atom interferometry measures the
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rotation vector projected into a plane, the fit is done in two
dimensions and can be computationally intensive without
proper fitting parameter initialization and adequate fitting
time. The contrast of atomic fringes is typically less than
50% for a centimeter-scale interferometer. These low-con-
trast fringes are superimposed on a nonuniform envelope of
the atomic cloud that leads to a nonlinear function and
therefore complicates fitting. Inertial point-source matter-
wave atom interferometer gyroscope 200 phase-shifts the
laser phase to calculate the phase map to eliminate these
problems. Advantageously, extracting inertial parameters
directly using the phase map provides the rotation direction
and rotation rate without involving any nonlinear fitting
analysis and performs pixel-by-pixel analysis.

Conventional processes such as principal component
analysis (PCA) involves image filtering for noisy data that
can remove fringe jitter due to, e.g., laser frequency shifts,
vibration, and optical system imperfections. Depending on
the noise in the system and fringe images, many images,
e.g., 10 images, are used to produce one measurement of
acceleration and rotation, which reduces bandwidth of the
conventional device.

Inertial point-source matter-wave atom interferometer
gyroscope 200 and extracting inertial parameters disclosed
herein have numerous beneficial uses, including inertial
navigation, gyrocompassing, precessing rotation vector
directions, and applications with a large range of possible
system rotation rate magnitudes. Advantageously, inertial
point-source matter-wave atom interferometer gyroscope
200 and processes herein overcome limitations of technical
deficiencies of conventional technology, including inability
to measure rotation at very low rotation rates, high rotation
measurement error at low rotation rates, the use of complex
and computationally intensive data analysis and nonlinear
mathematical fitting techniques, slower measurements,
inability to measure low rotation rates without a priori
knowledge of the expected rotation rate magnitude, and
higher common-mode measurement noise. Overall, with
simpler processing and experimental implementation, Iner-
tial point-source matter-wave atom interferometer gyro-
scope 200 and extracting inertial parameters makes compact
portable gyroscopes more feasible and makes high-precision
laboratory-based instruments more accurate.

Inertial point-source matter-wave atom interferometer
gyroscope 200 and processes herein unexpectedly has
advantages including measuring smaller rotation rates,
improved accuracy of measurements of low rotation rates,
data processing without fitting a nonlinear function to a data
image, a higher measurement bandwidth, and a more reli-
able measurement due to common mode noise cancellation.
The process and device are experimentally simple to imple-
ment with a phase-shifting device as the main element and
the measurement calculation is simple to do, involving
subtraction and an arctangent and a linear fit. No a priori
knowledge of the rotation magnitude is needed, unlike for
competing processes so no changes to the experiment or data
processing techniques are needed to measure a wide range of
possible inertial rotations.

The articles and processes herein are illustrated further by
the following Examples, which are non-limiting.

EXAMPLES

Example 1. Robust Inertial Sensing with
Point-Source Atom Interferometry for
Interferograms Spanning a Partial Period

Point source atom interferometry (PSI) uses the velocity
distribution in a cold atom cloud to simultaneously measure
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one axis of acceleration and two axes of rotation from the
spatial distribution of interferometer phase in an expanded
cloud of atoms. Previously, the interferometer phase has
been found from the phase, orientation, and period of the
resulting spatial atomic interference fringe images. For
practical applications in inertial sensing and precision mea-
surement, it is important to be able to measure a wide range
of system rotation rates, corresponding to interferograms
with far less than one full interference fringe to very many
fringes. Interferogram analysis techniques based on image
processing used previously for PSI are challenging to imple-
ment for low rotation rates that generate less than one full
interference fringe across the cloud. We introduce a new
experimental method that is closely related to optical phase-
shifting interferometry that is effective in extracting rotation
values from signals consisting of fractional fringes as well as
many fringes without prior knowledge of the rotation rate.
The method finds the interferometer phase for each pixel in
the image from four interferograms, each with a controlled
Raman laser phase shift, to reconstruct the underlying
atomic interferometer phase map without image processing.

Rotation sensing with optical and matter-wave interfer-
ometers has a long tradition. Analogous to the Sagnac phase
shift in a laser gyroscope, in a rotating frame, an atom
interferometer experiences a Sagnac phase shift proportional
to the inner product of the rotation vector and the Sagnac
area. For guided-wave atom interferometers, the matter-
wave trajectories follow the guide geometry, and the Sagnac
area is fixed. For free-space atom interferometers, the
Sagnac area depends on atoms’ initial velocity, and there are
different approaches to handle this degree of freedom. For
instance, in beam atom interferometers, the atomic beam has
a wide velocity distribution in the longitudinal direction. At
high rotation rates the signals from different velocity classes
average out, leading to vanishing fringe contrast, whereas at
low rotation rate the signals have high fringe contrast. In
launched atom interferometers, cold-atom sources are used
because they have a velocity distribution with reduced
width, and the atoms are launched with an initial velocity in
a controllable fashion.

Contrary to the above-mentioned conventional atom
interferometry techniques, point source atom interferometry
(PSI) uses the velocity distribution of an expanding cold-
atom cloud to simultaneously operate many Sagnac inter-
ferometers. In the expanding cloud, different velocity classes
have different Sagnac areas, all of which contribute to the
final interferometer signal. PSI maps the signal from each
velocity class onto a unique point in the image plane, using
the position-velocity correlation of the expanded point
source. Because of that parallel operation, PSI measures one
axis of acceleration and two axes of rotation from a single
cold-atom source and without interleaving measurements.
PSI is also distinct from conventional atom interferometer
gyroscope techniques because a single rotation measure-
ment with PSI yields a unique reading for the system
rotation rate.

In PSI, a m/2-w-1t/2 Raman laser pulse sequence is applied
to an ensemble of cold atoms as it expands. Assuming the
Raman laser beams are counter-propagating along the
z-axis, the components of the rotation vector projected onto
the xy-plane generate an interferometer phase gradient with
the following x and y components,

oo T3 2 s T3 [69)
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where ks the effective wave vector of the Raman laser, Q2
and Q are the components of the rotation vector in the
xy-plane, Ty is the time between the Raman pulses, and T,
is the total expansion time of the cold-atom cloud (T, 22Tg).
This phase gradient results in a sinusoidal fringe pattern in
the population distribution across the final cloud. In prin-
ciple, the rotation rate can be extracted from a single fringe
image, but clockwise and counter-clockwise rotations
remain indistinguishable. The rotation direction can be
determined by taking a series of fringe images while scan-
ning the Raman laser phase and observing the direction that
the fringes travel. The acceleration along the Raman beam
direction and the Raman laser phase determine the phase of
the fringes in the image.

Because PSI fringe images are essentially windowed
pictures of monochromatic plane waves, a host of methods
from wave optics can be applied to analyze the images. It is
intuitive to use parametric fitting to extract the fringe
contrast, orientation, frequency, and phase, where the latter
three parameters can be converted to rotation and accelera-
tion readings. However, parametric fitting to a fraction of a
fringe period that has an unknown phase is challenging
because, in practice, the plane wave is usually damped with
a Gaussian envelope due to the spatial variation of the
atomic distribution or contrast and there is other noise in the
images. Since the phase gradient (and thus the number of
fringes) is proportional to the rotation rate, a lower rotation
rate that generates less than one fringe period can result in
a measurement with significant error, except when the
signal-to-noise ratio is excellent.

There is a problem with measuring small rotations in the
partial-fringe regime (where there is less than one period
fringe in the images) when they measured the Earth’s
rotation using PSI. A counter-rotation can null the phase
gradient and yield the Earth rotation rate. Instead of para-
metric fitting the entire cold-atom image to obtain the phase
gradient as the counter-rotation is scanned, one can detect
the differential phase between the left-half and right-half of
a cold-atom cloud with an ellipse fitting procedure.

There also is a problem of measuring small rotations in
the partial-fringe regime using a gyrocompass measurement,
wherein an experimental phase shear, in the form of the
Raman laser beam-tilt for the third Raman pulse, can be
applied to the cold-atom cloud to increase the number of
fringes across the cloud to about 2.5 so that their parametric
fitting procedure can be performed on multiple fringes.

However, instead of analyzing fringe images, one con-
verts the fringes in the population distribution into an
interferometric phase map, which allows a direct analysis of
the phase gradient and the acceleration phase, independent
of the number of fringes. This is accomplished by an
experimental method that converts four fringe images into a
phase map, analogous to the phase shifting interferometry
technique in optical interferometry. This process is referred
to as simple, high dynamic range, and efficient extraction of
phase map (SHEEP) that extracts inertial parameters with an
inertial point-source matter-wave atom interferometer gyro-
scope. SHEEP does not lose sensitivity in the partial-fringe
regime. SHEEP operates on every individual pixel in the
images. In SHEEP, the fringe contrast has no effect on
determining the rotation rate. Common-mode noise, e.g.,
due to the imperfections in the imaging system, is strongly
suppressed. Both effects would otherwise be hard to remove
with normalized detection alone. Although SHEEP takes
more than one fringe image to yield a rotation measurement,
it dramatically improves the measurement’s robustness.
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As will be demonstrated in the following sections,
SHEEP returns robust rotation readings and is independent
of the fringe phase or the number of fringes in the image
because the analysis is performed on a pixel-by-pixel basis.
SHEEP does not require additional experimental means,
such as a compensation rotation or an additional Raman
beam tilt, to perform well at low rotations. Further, SHEEP
does not require a calibration of the fringe contrast. These
features add up to unparalleled robustness and efficiency that
makes SHEEP simple and robust for real-time portable
applications.

Regarding extraction of the phase map, FIG. 3 shows
SHEEP for conversion of four fringe images into a phase
map. This conversion is an inverse tangent function of a
series of four fringe images, in which the laser phase used
to acquire each fringe image differs from the previous one by
/2. Stepping of the fringe phase by m/2 is done by increas-
ing the Raman laser frequency chirp rate by V4T * each time
a new image is taken. Prior knowledge of fringe contrast,
orientation, frequency, or phase is not needed to determine
the phase map.

The four fringe images’ population ratios are labelled as
P1, P2, P3, and P4. Under the assumption that the rotation
rate does not change substantially in one measurement
sequence, the pixel value in each image is nominally
described by a sinusoidal function of the phase,

1 2
Prls y) = 5[1 = e, ycos(gxi, yp) + 2rder Tg) @

wherein L=1, 2, 3, or 4 is the image number, (x5y5) labels the
pixel in the ith column and jth row, c(x,,y;) is the contrast of
the pixel (x,y;) and is not assumed to be constant over the
range of the cold-atom cloud, 0(x,,y )=0(X,;,y +0,+0, is the
phase map that contains the rotation phase 0, (x,,y;), accel-
eration phase 0,, and the Raman laser phase 0,, and A , is the
difference in the Raman laser chirp rate from o, in image L.
O, is the Raman laser chirp rate that compensates for the
Doppler shift due to the free fall of the atoms. Without loss
of generality, we assume A,=0.

We step the chirp rate such that (Ao, _,—Aat, )X2xT ,°=/2
and calculate the phase map as

1 Po(xi, i) = Palxi, pi) ()]

B(xi, yr) = tan +nm,
' P3(xi, y;) = P1(xi, ¥))

wherein n is an integer that removes discontinuities in the
phase map.

The contrast of each pixel c(x,,y;) is a common factor of
the numerator and denominator in the argument of the
inverse tangent and cancels out in the calculation. Thus, the
phase map is separated from the spatial distribution of atoms
and the spatially-dependent Raman laser Rabi frequency.
The phase of each pixel in the phase map is computed from
the pixel’s own amplitudes as it steps through a full 2x
oscillation. This operation is independent of the values of
neighboring pixels, and thus robust against any background
structure of the image.

The output range of the inverse tangent is between —m/2
and 1t/2, resulting in discontinuities in the phase map when
the rotation rate is high enough that multiple fringes are
created across the cloud. Unwrapping the inverse tangent
output, i.e., determining the value of nn in Eq. (3), does not
change the phase gradient. We note that the value of n
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changes the global offset of the entire phase map in steps of
T, arising from the fact that the acceleration measurement in
PSI is fundamentally ambiguous over phase multiples of 2,
as in conventional atom interferometers. Additional tech-
niques can be implemented to resolve the ambiguity prob-
lem, which is especially important for portable applications.

Regarding phase map analysis versus fringe image analy-
sis, the phase map f(x.,y) can be described by a simple linear
model with only three fitting parameters,

fixy)=k otk ,y+00, &

wherein 0, is the sum of the acceleration phase and the
Raman laser phase, k, is the rotation phase gradient in the
x-axis, and k, is the rotation phase gradient in the y-axis. All
three parameters are useful in inertial sensing. The rotation
components are recovered from the phase gradients via the
relations in Eq. (1). The acceleration along the z-axis, a, can
be recovered by the relation az:({)o/(kgﬁTRz).

The experimentally-obtained fringe images can be mod-
eled as a plane wave that has five fitting parameters,

&)

wherein the additional fitting parameters are c, the contrast
of the fringes (assumed to be constant over the range of the
cold-atom cloud), and g, the overall background. If the
Gaussian envelope cannot be removed by a normalized
detection scheme, the fringe images may be modeled by
including an additional Gaussian envelope, though at the
cost of requiring more fitting parameters.

The phase gradients, the contrast, and the fringe phase are
all fitting parameters in the sinusoidal function. In principle,
the fitting procedure should not require prior knowledge to
return reasonable values of the parameters. However, para-
metric fitting of the fringe images with sinusoidal functions
is not as robust as linear fitting of phase maps. The simpli-
fication from sinusoidal fitting with five parameters (fringe
analysis) to linear fitting with three parameters (phase map
analysis) contributes to the robustness of SHEEP. However,
since the same image data is used in each method, the effects
of quantum projection noise should be the same for both
methods and their effects on the Allan deviation are calcu-
lated.

¥7Rb atoms are laser-cooled in a glass vacuum cell with
a 1 cm? cross-sectional area. At the beginning of each
experimental sequence, the atoms are loaded into a six-beam
magneto-optical trap (MOT). The cloud of atoms is made
smaller and colder with compressed-MOT and molasses
stages, resulting in an initial atomic cloud with a diameter of
0.4 mm and a temperature lower than 10 uK. The loading
and cooling of the atoms into the MOT takes 138 ms.
Typically, there are 6x10° atoms in the cloud. The freely-
expanding cloud of atoms is then transferred to the F=1,
mg=0 sublevel of the ground state by optical pumping with
an efficiency of at least 85%. The Raman m/2-w-1t/2 laser
pulses are applied in the direction of the local gravitational
field. The if-pulse duration is 5 ps and the time between
pulses is T=7.8 ms. After the pulse sequence, the cloud is
imaged in the plane transverse to the Raman laser beams
with state-selective absorption imaging. At the time of
imaging, T,,=25.9 ms, the cloud has expanded by a factor of
4 and fallen by 3 mm. We perform normalized detection by
taking an image of the atoms in the F=2 state, repumping all
atoms to F=2, and then taking a second image of the atoms
in the F=2 state. The fringe image is obtained by taking the
ratio of the first image to the second image and plotting the
population ratio of the atoms in F=2 state. The total experi-
mental cycle time is 166.7 ms. Due to our camera frame rate,

8(x,y)=c cos(kxtk,y+00)+80,
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it takes one second to acquire the four population ratio
images to establish one phase map.

The laser beams that drive the two-photon Raman tran-
sitions between the *’Rb F=1 and F=2 states are spatially
superimposed with orthogonal circular polarizations. A bias
magnetic field is applied in the direction parallel to the laser
beams. The laser beam driving the transition from the F=1
state to an intermediate state is denoted as the “F1 beam,”
and the other laser beam driving the transition from the F=2
to the intermediate state is denoted as the “F2 beam.” The F1
beam is retro-reflected back to the atoms after passing
through the cell, and the polarization is reversed from
0~ -polarization to o™ -polarization. The counter-propagating
pair of the F1 beam and the F2 beam is used to transfer
photon momenta to the atoms. The co-propagating pair of
the F1 beam and the F2 beam drives magnetically-sensitive
transitions, which are tuned off resonance by the bias
magnetic field.

During the Raman interrogation, the frequency of the F1
beam is chirped with a direct digital synthesizer at a;=-25.1
kHz/ms to compensate for the Doppler shift due to the free
fall of the atoms. Varying the chirp rate around a, also scans
the overall interferometer phase and translates the spatial
fringes across the image plane.

Rotation of the lab frame causes the direction of both
Raman beams to rotate about the free-falling atoms. We
simulate rotation by piezoelectrically sweeping the angle of
the retro-reflection mirror of the Raman F1 beam, which
causes a phase shift that is equivalent to the shift caused by
the rotation of the lab frame for small mirror rotation angles.
The simulated rotation rate is constant during the acquisition
of the four fringe images.

The phase map analysis is compared with fringe analysis
by conventional parametric fitting. For the phase map analy-
sis, we extract the phase map with SHEEP, then apply a 2D
linear fit to the phase map with Eq. (4). For the fringe
analysis, we process all four images and then take the
average of the results since we convert a series of four fringe
images into one phase map. The full cycle period for the
measurements with the two techniques are equal. We first
perform principal component analysis (PCA) on the set of
four images to remove some background noise, and then
apply a 2D curve fit to the four cleaned fringe images with
the plane wave function in Eq. (5). We refer to this approach
as the “PCA method,” which has been used in previous PSI
works. PCA is model-free, and has been used in different
atomic systems to remove noise in the images before ana-
lyzing the data with a physical model. There are other
model-free noise-removal techniques, such as the one dem-
onstrated in. The comparison is between one phase map and
four fringe images.

The determination of rotation rates using PSI in the partial
fringe regime occurred in which ground vibrations caused
noise on the interferometer such that the fringe phase varied
by more than 27 from shot to shot. By splitting the atom
cloud spatially into two halves, a parametric analysis could
be carried out in which the relative phase of the two resulting
interferometers was established and the effects of vibrations
could be removed. The presence of the vibrations allowed
the full 2m range of fringe phases to be measured, albeit
randomly, and the relative phase to be measured precisely.
SHEEP uses four images with well-defined fringe phases to
extract the rotation rate in the absence of vibrational noise.

The ellipse fitting procedure in typically uses a minimum
of six images to allow for extraction of the phase map in the
presence of vibration phase noise that randomizes the offset
phase in the images. Since our experiment has a much
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shorter interrogation period, the phase noise from vibration
is significantly smaller than 2, and rotation information can
be extracted without employing techniques like ellipse fit-
ting.

With regard to azimuthal scans of fixed-magnitude rota-
tion vectors, a rotation vector was applied in the plane
perpendicular to the Raman laser beams with a fixed rotation
rate while stepping the direction of the rotation from 0 to 360
degrees in two-degree steps. In each rotation step, a series of
four fringe images with fringe phases of 0, /2, &, and 37/2
to the unknown acceleration phase and the Raman laser
phase was recorded. The sets of four images were processed
with SHEEP and the PCA method separately and plot the
measured rotation phase gradients versus the azimuthal
angle of the applied rotation vector.

The traces obtained by SHEEP and the PCA method are
shown in FIG. 4 for three different rotation rates. Because
the rotation vector processes about the direction of the
Raman laser beams, the x-component of the phase gradient
follows a sine curve while the y-component of the phase
gradient follows a cosine curve, via the relation in Eq. (1).

Qualitatively, SHEEP resolves the sinusoidal variation in
all three cases, while the PCA method loses sensitivity as the
rotation rate becomes smaller.

In FIG. 4 the traces of the PCA method are plotted as the
absolute value of the rotation phase gradient because the
sign of the phase gradients k, and k,, returned by the plane
wave fitting is not computed (since it is not needed for the
sensitivity comparison). In the PCA method, an extended
experimental procedure and additional analysis would be
needed to use the phase information and to determine the
direction of the fringe travel, and thus the sign of the phase
gradient. It is noted that SHEEP method distinguishes
between a counter-rotation and a rotation without any addi-
tional analysis needed, which amounts to a practical advan-
tage.

There is a non-zero phase gradient offset even when there
is no applied rotation. This phase gradient offset did not
noticeably change during the acquisition time of each data
set. An example of this phase gradient offset is visible in
FIG. 4(a), where both sinusoidal curves are centered at a
non-zero value in the vertical direction. The non-zero,
slow-varying phase gradient offset in the experimental data
may arise from technical sources, such as the Raman laser
beam wavefront not being uniform.

Regarding statistical error of single rotation measurement,
FIG. 5 shows the results of a single rotation measurement (of
a set of four images) returned from the PCA method (pink
circles) and SHEEP (green squares and purple triangles) at
different rotation rates. Both the measured rotation value and
the error in FIG. 5 are normalized to the applied rotation
rate. The two methods return similar normalized values and
errors when the images have more than one fringe; however,
the PCA method worsens immediately when the number of
the fringes in the image is less than one, while the normal-
ized value and the error of SHEEP remains low down to the
lowest rotation rates studied. In other words, the two meth-
ods are similar in the multiple-fringe regime; however, in the
partial-fringe regime, the PCA method gradually loses sen-
sitivity. Contrary to the PCA method, SHEEP remains robust
without any correction and the dynamic range is at least 10
dB better than that of the PCA method. The dynamic range
of SHEEP is further improved when the phase gradient
offset (at zero applied rotation rate) is removed (purple
triangles).

For a perfect point source, the normalized rotation should
be one, i.e., with a scale factor that equals one. However, the
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scale factor is expected to be around 0.9 in this work because
the cold-atom cloud expands by a factor of about four and
is therefore not an ideal point source.

The rotation phase gradient, and thus the number of
fringes, scales with the rotation rate and the time between
the Raman laser pulses (assuming T, ~2T; see Eq. (1)). In
this work, Tz is 7.8 ms due to the small size of our
experimental setup. We also plot the calculated number of
fringes of an ideal point source in FIG. 5 in order to highlight
the fact that the measurement covers both the multiple-
fringe regime and partial fringe regime. Due to the reduced
scale factor, the actual number of fringes is slightly lower.

Regarding Allan deviation of the rotation measurement,
we also record a time series of images where the applied
rotation rate and the rotation direction are fixed. We repeat
the measurement at a few different applied rotation rates,
including zero applied rotation rate. FIGS. 6(a) and (b) show
two samples of Allan deviation plots at an applied rotation
rate of 3.2 deg/s and zero applied rotation rate, respectively.
The Allan deviation curves from SHEEP and the PCA
method are not significantly different from each other in (a).
However, in the case of zero applied rotation rate, shown in
(b), the curve for the PCA method is at least a factor of ten
higher while the curve for SHEEP remains at about the same
level as in FIG. 6(a). FIG. 6(c) shows the mean value of the
measured rotation rate. The half-lengths of the error bar
attached to each point are the value of the Allan deviation at
one second. To guide to eye, in FIG. 6(c) we show the
applied rotation rate itself with a dot-dashed line. In the
multiple-fringe regime, both the SHEEP and PCA methods
return similar mean values and Allan deviations at one
second. In the partial-fringe regime, the mean values of the
PCA method deviate from the dot-dashed line and have
larger Allan deviations. At zero applied rotation rate, the
mean value of SHEEP is not exactly zero, due to the
non-zero phase gradient offset.

Regarding measurable range of rotation rates, in light-
pulse atom interferometry, the rotation of the laboratory

frame causes K -to rotate such that atoms receive momen-
tum kicks in slightly different directions from the sequential
laser pulses, with the result that atomic spatial wavefunc-
tions at the output of the interferometer do not completely
overlap. This walk-off reduces the interferometer contrast at
high rotation rates and sets a fundamental upper limit for the
maximum rotation rate that can be measured. In our compact
instrument, the finite-sized initial cloud and the small expan-
sion factor also reduce the contrast of the spatial fringe
pattern as the rotation rate increases, which also sets an
upper limit on the measurable rotation rate. In FIG. 4, the
highest rotation rate of 5.1 deg/s is not limited by the
walk-off or reduced fringe contrast but simply by the upper
limit of our ability to simulate rotation through the angular
motion of the retroreflecting mirror. The lowest rotation rate
of 0.045 deg/s is limited by the electronic noise of the
piezoelectric actuator electronics in the retroreflecting mir-
ror.

The upper and lower limits on the measurable rotation
rate also depend on technical factors such as the resolution
of the analog-to-digital converter in the camera, the pixel
size, the camera noise, and the system vibration noise.
SHEEP only works when phase noise from vibrations is
significantly less than 27t. Our experimental setup is built on
a floating optical table without active vibration isolation.
The phase instability due to vibration is about 62 mrad at one
second when T,=8 ms. We use a relatively short Raman
interrogation time Tz=7.8 ms to avoid the effects of vibra-
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tion. This short T is also compatible with the dimensions of
the glass cell used in the experimental setup.

Regarding unambiguous rotation measurement, in con-
ventional atom interferometers, the rotation is measured
from the rotation phase, which is typically derived from the
population ratio via an inverse sinusoidal function. How-
ever, the inverse sine is ambiguous to an integer multiple of
2m, and therefore the measurement does not provide a
unique value of the underlying rotation.

In contrast, PSI gives a unique value of the rotation. The
interferometer rotation phase depends linearly on the atom

velocity v as ¢Q:2E>ef(£_2>x7)T = 50 the magnitude of the
rotation depends on the quantity dq)g/dV:ZkeﬂTRzQ. The
quantity d$o/dv is inherently measured in PSI as a spatial
phase gradient across the cold-atom cloud because of the
position-velocity correlation of an expanding cloud. The
spatial phase gradient is a one-to-one function of the rotation
vector projected onto the image plane.

Regarding bandwidth, the phase map can be extracted
from three images. The use of four images here allows for
Eq. (3) to be symmetric, which reduces some systematics
related to the data collection. Because N>1 images are
required, the bandwidth of the sensor is reduced by a factor
N over single-image approaches. SHEEP is compatible with
a queue operation, in which for every new reading, the oldest
image in the queue is deleted and a new image is appended
at the end of the queue. While this does not increase the
sensor bandwidth, it does provide a more continuous readout
of the rotation rate, which may be advantageous for some
applications.

In light of the rotation dynamic range, unambiguity, and
robustness provided by SHEEP, a PSI instrument may be
operated in a free-running mode that returns rotation read-
ings for inertial navigation applications. A PSI instrument
may also be operated in a zero-fringe locking, closed-loop
mode that provides a rotation-free environment for another
instrument. In the closed-loop mode, real-time phase maps
generated by SHEEP are used as a servo input to an actuator
that cancels the platform’s rotation. In high-precision atom
interferometer gravimeters, sources that generate spatial
variation in the population distribution in the final cloud,
such as the Earth’s rotation, the rotation of a moving
platform, or the Raman laser wavefront, can cause system-
atic errors in the acceleration measurement. SHEEP, com-
bined with additional tools, may be used to characterize
those spatially-dependent systematic effects in situ.

SHEEP is advantageous for portable applications, espe-
cially in the case of short T, combined with high bandwidth.
The rotation phase gradient has a linear dependence on Tj.
The vibration phase grows like a quadratic function of T.
Reducing T; not only increases the bandwidth but also
reduces the vibration phase in a way that favors the rotation
measurement. As a consequence of lowering T, there will
be fewer fringes in the images; however, SHEEP works for
images with any number of fringes, including a fraction of
a fringe.

SHEEP extracts the phase map of a point-source atom
interferometer from four fringe images with a pixel-by-pixel
analysis. SHEEP is more robust in the partial-fringe regime
(slow rotations) than PCA. SHEEP does not require prior
knowledge of the fringe phase, fringe contrast, or the range
of the rotation rate. These advantages benefit the design, data
acquisition, and analysis procedures in fieldable applica-
tions, as they considerably simplify the decision tree in
instruments.
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FIG. 7 shows a set of four experimental fringe images
with an applied rotation rate of 5.1 deg/s, which is the
highest rotation rate studied in this work. The 2D fit function
uses a trust-region-reflective algorithm.

For SHEEP, we do not perform any pre-processing on the
fringe images. We convert a set of four fringe images into a
phase map with Eq. (3) and then unwrap the inverse tangent
output. We compute a set of initial fitting parameters and
corresponding parameter boundaries from a basic initial
statistical analysis of the phase map, and then apply a 2D
linear fit using the model in Egs. (4) to the phase map. The
phase map converted from the data and the 2D linear fit are
shown in FIG. 8. We convert the fit parameters k, and k,, and
corresponding fit errors from each phase map into a mea-
sured rotation rate and the corresponding uncertainty.

The fringe-like structure in the fit residual most likely
stems from vibration noise. Vibration causes the phase
separation between the images to deviate from w2 by
random amounts, and thus the conversion from fringe
images to the phase map is good. The vibration has no
significant effect on the rotation measurement results
because in the multiple fringe regime we generally find that
SHEEP (which is vibration sensitive) and the PCA method
(which is not vibration sensitive) have similar sensitivities
and uncertainties. This is seen in FIG. 5 and FIG. 6.

For the comparative PCA method, we first process the
same set of four fringe images with PCA. A mean image is
generated as the average of all four images. Each image is
centered on this mean image by subtracting the mean image.
The principal components of the four centered images are
calculated. We use the leading two principal components to
reconstruct the images without adding the mean image back
to the reconstructed images. The background noise is mostly
removed in those processed images and the images are ready
for 2D sinusoidal fitting.

A 2D sinusoidal fitting function repeatedly fits the same
fringe image 50 times using the model in Eq. (5), with newly
generated initial fit parameters each time. A uniform random
number generator generates initial fit parameters between
the upper and lower limits in Table 1. We use the optimized
fit parameters from the trial that minimizes the residual. In
this way we approximate a global search of parameters. We
convert the fit parameters k, and k, and fit errors from each
fringe image into a measured rotation rate and its uncer-
tainty. We take the average of the rotation rates from the four
fringe images and calculate the uncertainty in the typical
way of the individual uncertainty divided by the square root
of four.

There are some limitations regarding the PCA method
used in this work. The PCA method does not return the
rotation direction unless additional computation methods are
developed for this purpose. The 50 trials of the 2D fitting
present only a small sample set of the parameter space;
however, further computation effort would be counter-pro-
ductive for real-time applications.

Example 2. Single-Source Multiaxis Cold-Atom
Interferometer in a Centimeter-Scale Cell

Using point-source atom interferometry (PSI), we char-
acterize the sensitivity of a multiaxis gyroscope based on
free-space Raman interrogation of a single source of cold
atoms in a glass vacuum cell. The instrument simultaneously
measures the acceleration in the direction of the Raman-
laser beams and the projection of the rotation vector onto the
plane perpendicular to that direction. The sensitivities for the
magnitude and direction of the rotation-vector measurement
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are 0.033°/s and 0.27° with an averaging time of 1 s,
respectively. The fractional acceleration sensitivity 8 g/g is
1.6x107>/VHz. The sensitivity can be increased by increas-
ing the Raman interrogation time, allowing the cold-atom
cloud to expand further, correcting the fluctuations in the
initial cloud shape, and reducing sources of technical noise.
PSI resolves a rotation vector in a plane by measuring a
phase gradient. This two-dimensional rotation sensitivity
may be specifically important for applications such as track-
ing the precession of a rotation vector and gyrocompassing.

Light-pulse atom interferometers may help answer some
of the most-important questions in fundamental physics
because of their extraordinary sensitivity to inertial effects.
They may also have applications in navigation and geodesy
because of their long-term stability and accuracy. The real-
ization of atom interferometers of small size, low weight,
and low power would facilitate their transition from the
laboratory to applications in the field. Several groups have
demonstrated portable atom-interferometer gravimeters for
field use.

Light-pulse-atom-interferometer gyroscopes are typically
more complex than gravimeters. Multiple cold-atom sources
or a four-pulse Raman geometry are often used to distin-
guish between interferometer phase shifts induced by rota-
tion and by acceleration. The approach with multiple cold-
atom  sources has been  demonstrated  with
counterpropagating atomic beams and cold-atom clouds
using the most-common beam splitter-mirror-beam splitter
Raman pulse sequence. Since the rotational phase shifts
depend on the atom velocity while the acceleration phase
shifts do not, the rotation and acceleration measurements are
constructed from linear combinations of the signals from the
counterpropagating cold-atom sources. This approach was
successfully implemented in a compact package with a high
data rate. The approach with a four-pulse “butterfly” Raman
geometry was demonstrated with a single atom cloud. In this
configuration, the rotational phase shift depends on the
magnitude of the acceleration in the direction orthogonal to
the rotation axis and the Raman beams, complicating the
extraction of pure rotation in a sensor that is not geostation-
ary. Atom interferometers with the aforementioned three-
pulse or four-pulse configuration measure one axis of rota-
tion. Their multiaxis sensitivity can be achieved by
interleaving measurements with Raman beams propagating
along different axes or with different pulse sequences.

In conventional light-pulse-atom-interferometer tech-
niques, the thermal expansion of the cold-atom cloud is
unwanted because it reduces the fringe contrast. In contrast,
point-source atom interferometry (PSI) utilizes the thermal
expansion of the cold-atom cloud to map the velocity-
dependent phase shifts onto an imaging plane. Thermal
clouds have also been implemented in guided-wave atom
interferometry for inertial sensing. Atoms were prepared in
a low-magnetic-field-seeking state and loaded into a mag-
netic guide, and the manipulation of the matter wave was
realized by the scattering of the thermal cloud in the
Kapitza-Dirac regime.

PSI is a simultaneous multiaxis-gyroscope technique
based on a single source of atoms. PSI was demonstrated in
a 10-m atomic fountain designed to enable precision tests of
the equivalence principle. In PSI, the beam splitter-mirror-
beam splitter Raman pulse sequence is applied to an isotro-
pically expanding cloud of atoms in which each atom
interferes only with itself. Because the enclosed area of the
matter-wave Mach-Zehnder interferometer depends on the
momentum kick applied to the atom and the atom velocity,
the thermal velocity spread of the expanding cloud creates
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many Mach-Zehnder interferometers spanning all directions
in a single operation. Each atom acts as an interferometer
generating an interferometer phase that depends on the
atom’s initial velocity, as illustrated in FIG. 10. The strong
position-velocity correlation for atoms in the expanded
cloud preserves the phase shifts that are detected as an
image. Spatial fringes arising from rotations are imprinted
on the population distribution between the hyperfine ground
states. From the fringe pattern, the acceleration in the
propagation direction of the Raman-laser beams and the
projection of the rotation vector onto the plane perpendicular
to that direction are measured simultaneously.

Taking advantage of the dramatic simplifications pro-
vided by PSI, we have developed a process amenable to
portable applications in which a single cloud of atoms
expands and falls by only a few millimeters during an
interrogation cycle. We demonstrated rotation measure-
ments with PSI and characterized a systematic error due to
the finite size of the cold-atom cloud. Here, the measurement
of acceleration in one direction and the rotation vector in the
plane perpendicular to that direction is shown and sensitivity
of the rotation-vector measurement is evaluated.

In a ballistically expanding cloud of cold atoms, if the
final size of the cloud is much larger than the initial size,
referred to as the “point-source approximation,” the position
of an atom is related to its velocity v and the expansion time
T,, of the cloud by r=vT,,. In PSI, a beam splitter-mirror-
beam splitter (7/2-m-7t/2) pulse sequence is applied to the
cloud during its expansion. At the time the cloud is detected,
the interferometer phase shift from inertial forces is mapped
onto space with the leading terms as

D(r)y=kga TP+kQr: eY)

Wherein the first term is the interferometer phase due to a
homogeneous acceleration and the second term is a phase
gradient across the cloud due to the rotation of the system.
The phase gradient is kQ:(keﬁxQ)ZTz/Tex, where k- is the
effective Raman transition wavevector, Q is the angular
velocity of the system, and T is the time between Raman
pulses.

Since the population ratio is a sinusoidal function of the
interferometer phase, the phase gradient across the cloud
induced by rotation leads to fringes in the population dis-
tribution. The contributions to the interferometer phase from
the rotation components perpendicular to k,-and the accel-
eration in the direction of kg, are distinguishable because
they modify the spatial-fringe pattern in the image plane in
distinct and independent ways. The frequency of the fringes
is proportional to the magnitude of the rotation projected
onto the plane perpendicular to k., The orientation of the
fringes indicates the direction of rotation projected onto that
plane. The uniform acceleration translates the fringes spa-
tially without affecting the period or the direction of the
fringes because the acceleration shifts the overall phase but
does not change the phase gradient.

In in FIG. 11, the Raman-laser beams propagate along the
7 axis and therefore the atoms sense the acceleration in the
z direction and the components of rotation in the x-y plane.
In the point-source approximation, all atoms with the same
velocity components in the x-y plane have the same final
(%,y) position and the same Sagnac area and thus the same
interferometer phase shift. We image the cold-atom cloud in
the x-y plane, which preserves the fringe contrast because
signals with the same interferometer phase are integrated
along z onto the same pixel in the image.

When the initial cloud size is not a point source, the
rotation-fringe contrast and the number of fringes will be

20

25

30

35

40

45

50

55

60

65

22

lower than that of an ideal point source. A finite-sized
cold-atom cloud can be considered as a collection of many
point sources. Mathematically, the fringe pattern will be the
convolution of this initial cloud shape and the fringe pattern
of a point source. As a result of the convolution, fringe
contrast is reduced, the number of fringes is lower, and the
direction of the fringes is modified by the initial cloud shape.
In the special case where the cloud has a Gaussian distri-
bution for both position and velocity, the x and y compo-
nents of the phase gradient kg, are reduced as

k (Q,x:kQ,x(l_O'sz/ Gfxz)v

Ko ,=kg ,(1-00,/047), ()
wherein kg, %:—ZkeszQJ/Tex and kg, }y:2keﬁT29X/Te)c are the
x and y components of the phase gradient for a point source,
respectively. The expansion time T, is measured from the
time when the cold-atom cloud is released from the mag-
neto-optical trap (MOT) or molasses to the time when it is
imaged. The terms o, and oy, are the standard deviation of
the initial Gaussian cloud in the x-y plane, and 04 and o, are
the standard deviations when the cloud is imaged.

Our PSI uses laser-cooled *"Rb atoms in a glass cell with
1-cm? cross-section area. A manifold that includes an ion
pump, a Rb dispenser, and a vacuum window is connected
to the glass cell. FIG. 11 shows an illustration of our
compact science package, including only the glass cell and
the surrounding optics. In the glass cell, the laser beams for
state preparation, Raman interrogation, and detection propa-
gate vertically in a shared beam path with an e beam
diameter of 8 mm and are circularly polarized inside the
glass cell. Three orthogonal and retroreflected beams (not
shown in the figure) with e=> diameters of 6 mm form the
MOT for ®Rb. The cooling and repumping laser powers are
5.6 and 1.3 mW in each beam, respectively. The laser system
that generates the laser beams for the experiment is shown
in FIG. 12.

Each experimental cycle starts with a *’Rb MOT and
optical molasses that prepare a cloud of about 107 atoms.
The cloud temperature is about 6 puK, and the standard
deviation of the Gaussian initial cloud shape is 0.3 mm. The
loading and cooling phases of each cycle are 85% of the total
cycle when the experimental repetition rate is 5 Hz (and 70%
at 10 Hz). We apply a 0.7-G quantization magnetic field in
the z axis for the following state preparation and Raman
interrogation stages. The atoms are prepared in the F=1,
m~=0 state in three steps with use of the lasers from the
vertical beam path. First, a 60-us pulse of F=2—F'=2
transition light pumps the atoms to the F=1 state. Second, a
30-us pulse of retroreflected o*- and o -polarized
F=1—F'=0 light pumps the atoms to the m=0 sublevel.
Third, a 40-us pulse of F=2—F'=3 light removes the atoms
left in the F=2 state. The final population in the F=1, m~0
state is at least 85%.

After state preparation, we apply Raman pulses with T=8
ms and m-pulse time t,=4.4 ps. The Raman-laser frequencies
are tuned 695.815 MHz below the F'=3 level in the 5P
manifold of hyperfine states. The maximum separation of
the wave packets is about 94 um, and the enclosed Sagnac
area, calculated with the root-mean-square velocity of the
atoms, is about 0.03 mm?®. We delay the Raman-laser pulse
sequence until 8 ms after the end of the molasses stage so
that the desired Doppler-sensitive and magnetically insen-
sitive Raman transitions are well resolved from unwanted
Raman transitions (which are excited due to the finite
polarization extinction ratio and/or spurious reflections of
the Raman beams). The power in each Raman-laser beam is
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adjusted to minimize the ac Stark shift of the Raman
transition frequency. The cold-atom cloud falls about 3 mm
in each experimental cycle.

The rotation fringes are imprinted in both ®’Rb hyperfine
ground states and the patterns are complementary to each
other. Detecting either state is sufficient and the population
ratio is not required, but detecting both states would increase
the signal-to-noise ratio if the difference in the Gaussian
cloud shapes, due to imaging delays or optical pushing,
could be balanced. In our case, the initial state of the atoms
is F=1, m =0, and for technical reasons only the atoms
transferred to the F=2 state after the Raman pulse sequence
are imaged. We take an absorption image of the atoms in the
F=2 state with a 5-us pulse of F=2—F'=3 probe-laser light,
pump the atoms to the F=1 non-imaged state with 2 ms of
the MOT cooling light, and then take an image of the
probe-laser light field. From those two images, the density of
the final cloud in the F=2 state integrated along the z axis is
calculated. Typically, there are 2x10° atoms in the F=2 state
at detection.

We characterize the PSI gyroscope with simulated rota-
tions by tilting the retroreflecting mirror in FIG. 11 during
the Raman interrogation, which is formally equivalent to
rotating the entire system. The mirror is mounted on a
piezo-actuated platform, whose x and y angular displace-
ments are controlled by analog voltages. The simulated
rotation is about 10? times larger than Earth’s rotation and
generates about one fringe period across the final cloud.

In our setup, the direction of the Raman-laser beams is in
the direction of the local gravity vector g, so the frequency
difference between the Raman lasers is chirped to compen-
sate for the Doppler shift due to the free fall of the atoms.
With this frequency chirp, the acceleration phase is (k,,g-
2m0)T?, where o is the chirp rate. As a consequence,
scanning the chirp rate o provides a convenient way to scan
the acceleration phase.

We detect the rotation-fringe images from the raw absorp-
tion images with principal component analysis (PCA). PCA
has been widely used in machine learning. In our case, PCA
can be considered an imaging analogy of lock-in detection.
We scan the acceleration phase by scanning the chirp rate a
so that the rotation fringes translate from shot to shot. The
PCA algorithm identifies the moving components such as
the rotation fringes from the raw images.

To use PCA, we recorded a series of images at different
chirp rates. The images are averaged to create a mean image
in which the moving fringes are washed out but the envelope
of the cold-atom cloud is retained. The mean image is then
subtracted from each image to create a set of zero-mean
images. These zero-mean images are the input to the PCA
algorithm, which returns two main outputs: (i) a set of basis
images called “principal components” (PCs) and (ii) the
variance for each PC, which is the variance of the projection
of each input image onto that PC. Because the rotation
fringes move as we scan the acceleration phase, the PCA
returns a pair of principal components, PC1 and PC2, that
have the same period and orientation as the rotation fringes
but are 90° out of phase (sine-like and cosine-like). The
linear combination of PC1 and PC2, with their projections
onto each raw image varying from frame to frame, recreates
the moving fringes: as a result, they have the highest
variances of the projections. The other PCs, for example, the
thin stripes caused by our imaging system (PC4 and PC5),
do not follow the scanning of the acceleration phase; they
are relatively static in the images and have smaller vari-
ances. In general, features of interest can be enhanced by
reconstructing the images using only the PCs with the largest
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variances when we intentionally perturb the system, such as
by scanning the acceleration phase.

We reconstruct the fringe images with only the sine-like
and cosine-like PCs and disregard all the other PCs of lower
variances. The reconstructed and zero-mean images are
two-dimensionally fitted with n(x,y)=Aexp(-x*/20,*-y*/
20, )cos(k, x+k y+¢), where A, o,, 0,, k,, k,, and ¢ are fit
coeflicients. We call ¢ the offset phase of the rotation fringes.
The components of rotation in the x and y directions are
calculated as Qx:kyT”&kefT2 and Qy:—kXTgx/2keﬁT2. The
rotation rate is V/ (Qx2+£2y ) and the rotation direction is
tan™'(Q,/Q,).

One can tell by inspecting the orientation of the fringes
that the projection of the rotation vector onto the x-y plane
points to 45' with respect to the image axis. However, the
fringes induced by clockwise or counterclockwise rotations
appear parallel in their respective images. The clockwise and
counterclockwise rotations are distinguished by our scan-
ning the acceleration phase and observing in which direction
the fringes translate. The rotation fringes propagate like a
plane wave traveling in the cold-atom cloud when the
acceleration phase increases or decreases. The population
ratio varies as cos[k,.,—(2tT?)a+¢,], where c. is the Raman-
laser chirp rate and ¢y, is the phase due to the Raman lasers
and a homogeneous acceleration. Because the phase gradi-
ents generated by opposite rotations have opposite sign, the
rotation fringes move in opposite directions when we scan
the acceleration phase by scanning the chirp rate.

When the rotation is large enough to generate one fringe
across the cloud, the translational movement of the rotation
fringes gives a measurement of the acceleration. FIG. 13
shows a plot of the offset phase extracted from the two-
dimensional fits as a function of the chirp rate. Physically,
this chirp rate modulation is accomplished by scanning the
frequency chirp rate of a frequency synthesizer that is mixed
with the optical Raman lasers’ beat note, as shown in FIG.
12. In this plot of the offset atomic fringe phase versus the
chirp rate, we fit the data with a line and keep the slope as
a fixed parameter with the value of -2, where T=8 ms.
The sensitivity of the acceleration measurement is calculated
from the acceleration-phase fluctuations, d®, with dg/g=0D/
(gk,,T?). We interpret the root-mean-square of the residuals
of the linear fit as d®. In FIG. 13, d® is 0.369 rad with 0.2
s between data points, corresponding to a fractional accel-
eration sensitivity dg/g of 1.6x10>/VHz when T=8 ms. The
sensitivity is currently limited by the Raman-laser phase
noise and the vibration noise.

The Allan-deviation plots of the magnitude and the direc-
tion measurements of the rotation vector in the plane per-
pendicular to the direction of the Raman laser beams from
a data set with a data rate of 1 Hz and duration of 4000 s.
For both quantities a decreases as t-'2 from T=1 s to
=10 s. The intercept of the t-Y2-power-fit lines at 1=1 s
gives an estimate of the sensitivity of measuring a rotation
vector in the plane perpendicular to the Raman-laser beams:
the sensitivity for the rate is 0.033°/s and the sensitivity for
the direction is 0.27° for an averaging time of 1 s.

In this data set, the experimental repetition rate is 10 Hz.
In every 1 s, we record ten rotation-fringe images as the
acceleration phase is scanned by 4 rad over the ten images
while the chirp rate is scanned from -25.086 to -25.076
kHz/ms. We process the group of ten images with PCA and
reconstruct these images with the sine-like and cosine-like
PCs. All images are cropped to 1.8x1.8 mm? (70x70 pixels).
By two-dimensionally fitting each reconstructed image, we
obtain ten rotation rates and ten rotation directions. The
average of the ten rotation rates (rotation directions) is used;
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as a result, we have a list of 4000 rotation rates (rotation
directions) with a data rate of 1 Hz as the input for the
Allan-deviation calculation.

The rotation measurements are based on the phase gra-
dient in the cold-atom cloud, and since the laser phase noise
and vibrations (parallel to k) create common-mode noise
across the cloud that affects only the offset of the phase, the
rotation sensitivity should be independent of those contri-
butions to first order. The contributions to the noise in our
rotation measurement are still under study. We estimate the
contributions from the rotating mirror and the uncorrelated
vibration of our floating optical table to be 2x1073°/s and
5x107>°/s for an averaging time of 1 s, respectively. The
roll-off in FIG. 12 is likely due to a slow drift in the raw data.
This could be produced, for example, through the voltage
control of the piezo-actuated platform that simulates the
rotation, thermal effects, and/or the fluctuations in the cloud
shape and size.

In an example set of measurements, the average of the
measured rotation rate is 72% to 92% of the simulated
rotation because of the finite size of the initial cloud. The
final cloud is 2.2 times bigger than the initial cloud in these
measurement and we expect to see 1-0,%/0,>=0.79 of the
simulated rotation assuming a Gaussian cloud shape. The
discrepancy in the measurement could come from the
Gaussian-shape approximation, fluctuations in cloud shape
and size, and/or correlations between the position and veloc-
ity in the initial cloud when it is released from the MOT or
molasses. Additional errors may arise from the calibration of
the imaging system and the calibration of the simulated
rotation.

Wavefront aberration is one of the leading systematic
errors in light-pulse atom interferometers. In PSI this sys-
tematic error is expected to be larger because (i) the cloud
necessarily expands and therefore samples more of the
Raman-beam transverse profile and (ii) higher-order anti-
symmetric wavefront distortions will cause a phase gradient
across the cloud and a corresponding systematic error in
rotation. We estimate that the wavefront aberration due to
the retroreflecting mirror that is specified for A/10 flatness
could create systematic errors in acceleration and rotation of
up to 10™* g and 0.07°/s, respectively.

The expansion of a cold-atom cloud smooths the struc-
tures that exist inside the cloud when it is released from the
MOT and optical molasses. With a sufficiently large expan-
sion factor, the expanding cloud becomes roughly Gaussian
and the interferometer approaches the point-source limit. In
the case when the expansion time is limited for high-
bandwidth applications, we may optimize the cloud tem-
perature so that the cloud expands faster for a given inter-
rogation time, for example, by varying the cooling-laser
detuning in the molasses stage. Fluctuations and variations
in the initial cloud shape can and do cause noise and
systematic shifts, however.

By PSI, we demonstrate multi-axis inertial sensing: accel-
eration in the direction of the Raman-laser beams and the
projection of the rotation vector onto the plane perpendicular
to that direction. The sensitivity of our present experiment is
primarily constrained by the short Raman interrogation time
(T=8 ms), technical noise, the initial size of the cold-atom
cloud, and the measurement dead time.

The finite initial size of the cold-atom cloud causes
systematic errors in the rotation-vector measurement. In the
case where the cloud expands by only a few times, the
fluctuations in the cloud shape and size could affect the
sensitivity of the rotation measurement. Stabilizing the
cloud shape may allow us to control and to minimize such
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systematic errors. With a Gaussian cloud shape, the cloud
width in the direction of the Raman-laser beams does not
affect the rotation-vector measurement on the plane perpen-
dicular to that direction; only the cloud shape in the plane
does. We could use a one-dimensional optical lattice trap in
the direction of the Raman-laser beams to initialize the cloud
shape in the transverse direction. The density profile of the
cloud released from a lattice trap relies on the profile and
intensity of the lattice laser beam, which can be adjusted and
feedback controlled.

The PSI instrument may be used very naturally as a
gyrocompass. In our experiment, the direction of the
Raman-laser beams is parallel to g and the cold-atom cloud
is imaged in the plane normal to g; therefore, the atoms sense
the projection of the rotation vector onto the plane tangent
to the surface of Earth at the sensor location. The projection
of Earth’s rotation onto this plane points to geographic
north. Hence, the direction of the rotation fringes due to
Earth’s rotation will point to geographic north and the
number of the fringes will be proportional to the cosine of
the latitude of the sensor location.

The PSI gyroscope is analogous to a mechanical gyro-
scope made of a spinning rotor. When the rotor spins about
the z axis, it senses the projection of torque onto the x-y
plane. In PSI, when the direction of the Raman-laser beams
is along the z axis, the atoms sense the rotation projected
onto the x-y plane. The two-dimensional sensitivity of PSI
may have applications in detecting time-varying rotation
vectors, which is needed to measure a precession. In a
simple case where the rotation vector traces a cone centered
about the z axis, the precession can be measured by tracking
the rotation component in the x-y plane.

FIG. 12 shows a schematic of our laser system, which
provides the laser frequency components shown in FIG. 13.
We use two commercially available 780-nm lasers. One is an
external-cavity diode laser (ECDL) and the other is a
frequency-doubled telecom laser that has a 20-kHz lin-
ewidth and output power up to 1 W. The ECDL, which is
locked to a ®’Rb saturated absorption line via modulation-
transfer spectroscopy, provides the MOT cooling light. The
telecom laser, locked to the ECDL via a heterodyne optical-
phase-lock loop (OPLL), provides the laser frequency com-
ponents for all other frequencies in the experiment, includ-
ing the re-pumper, state-preparation lasers, Raman lasers,
and the probe laser. The OPLL allows us to switch the
telecom-laser frequency over a range of several hundred
megahertz in a few hundred microseconds.

For modulation-transfer spectroscopy, a double-pass
acousto-optic modulator (AOM1 in FIG. 12) shifts the pump
frequency by +160 MHz, so the Doppler-free spectral lines
move by —-80 MHz. The ECDL is locked to the redshifted
crossover transition of F=2—F'=23. The lock signal is
generated by our modulating the frequency of the 80-MHz
signal applied to AOM1 with a 250-kHz sine wave from the
lock-in amplifier. The resulting frequency deviation is close
to the half-linewidth of the saturated absorption resonance of
8Rb. Such a choice maximizes the frequency-to-voltage
conversion efficiency of the modulation-transfer spectrom-
eter. Most of the ECDL power goes to another double-pass
AOM in a cat’s eye configuration (AOM2 in FIG. 12) that
shifts the laser frequency close to the cycling transition for
use in the MOT. The light is red detuned from the cycling
transition by 2.5I" during the MOT phase and is linearly
chirped to 14.41" during the molasses phase. The power of
the cooling laser is actively stabilized and is linearly ramped
down by a factor of 10 during the molasses phase.



US 11,940,276 B2

27

A small portion of the ECDL light and the telecom-laser
light is combined onto a fast photodiode (PD1 in FIG. 12)
that measures the beat note between the two lasers. A digital
phase-frequency detector compares the beat frequency with
a stable rf reference (f,p;;) and generates the OPLL lock
signal. The telecom laser is phase-locked to the ECDL at a
frequency that is below the lock point of the ECDL by f, ., ,
(FIG. 13). The range of f,p;, is limited by the maximal
operating frequency of the digital phase-frequency detector
(close to 1 GHz). The fractional power of the carrier in the
beat note is greater than 99.73%, which corresponds to
2.7x1073 rad? in the residual phase fluctuation between the
two lasers.

Most of the telecom-laser output is split into two beam-
lines, which we refer to as the “F1” and ‘“F2” beamlines in
FIG. 12. The F1 (F2) beamline is used for transitions starting
from the F=1 (F=2) manifold. The F1 beamline contains an
electro-optic phase modulator (EOM) that creates sidebands
at Aype+A,5/3=6.924 GHz, where A,;~6.835 GHz is the
ground-state hyperfine-splitting frequency of *’Rb and
A,;=266.650 MHz is the difference between the F'=2 and
F'=3 levels in the 5P states. The carrier is nulled by our
tuning the rf power applied to the EOM. The F2 beam and
the +1 sideband form the Raman beams. The combinations
among the other sidebands and the F2 beam are off-resonant
by multiples of A,./3.

Although both Raman beams are extracted from the same
laser, their phase difference (i.e., the Raman-laser phase)
fluctuates because of the physically different F1-beam and
F2-beam paths. The frequency of the voltage-controlled
oscillator applied to AOMS in the F1 beamline is feedback-
controlled around 88.9 MHz to stabilize the phase difference
of the two Raman beams. The dc lock signal is generated by
our mixing down the beat note of the Raman beams with the
two references: a microwave synthesizer, which drives the
EOM and mixer 1, and a direct digital synthesizer that
provides the common rf source A,;/3 to AOM3, AOM4,
AOMSG6, and mixer 2.

The power spectral densities of the major phase-noise
sources present in our Raman lasers are measured, including
the residual Raman-laser phase noise and the absolute phase
noise of the microwave synthesizer used as one of the two
rf references in phase locking the Raman-laser beams. The
residual Raman-laser phase noise, measured from the beat
frequency of the Raman-laser beams when the phase lock is
enabled, shows only the Raman-laser phase fluctuation
relative to the rf references. The Raman phase noise that
affects the atoms is the residual Raman-laser phase noise
plus the phase noise of the rf references. However, in the
low-frequency range (1-10* Hz), which affects the interfer-
ometer phase the most, the contribution from the synthesizer
dominates. Following the approach in Ref., with T=8 ms,
t,=4.4 us, and an experimental repetition rate of 10 Hz, we
estimate the instability of the interferometer phase arising
from the Raman-laser phase noise (due to the microwave
synthesizer) to be 90 mrad at 1 s. The corresponding
instability of dg/g at 1 s is 8.91x107%. In comparison, the
phase instability due to the vibration (in the direction of the
Raman lasers) of the mirror that retroreflects only the F1
beam is approximately 62 mrad at 1 s. The corresponding
instability of 8g/g at 1 s is 6.14x107°. The experiment is
mounted on a floating optical table with no active vibration
isolation.

While one or more embodiments have been shown and
described, modifications and substitutions may be made
thereto without departing from the spirit and scope of the
invention. Accordingly, it is to be understood that the present
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invention has been described by way of illustrations and not
limitation. Embodiments herein can be used independently
or can be combined.

All ranges disclosed herein are inclusive of the endpoints,
and the endpoints are independently combinable with each
other. The ranges are continuous and thus contain every
value and subset thereof in the range. Unless otherwise
stated or contextually inapplicable, all percentages, when
expressing a quantity, are weight percentages. The suffix (s)
as used herein is intended to include both the singular and
the plural of the term that it modifies, thereby including at
least one of that term (e.g., the colorant(s) includes at least
one colorants). Optional or optionally means that the sub-
sequently described event or circumstance can or cannot
occur, and that the description includes instances where the
event occurs and instances where it does not. As used herein,
combination is inclusive of blends, mixtures, alloys, reaction
products, and the like.

As used herein, a combination thereof refers to a combi-
nation comprising at least one of the named constituents,
components, compounds, or elements, optionally together
with one or more of the same class of constituents, compo-
nents, compounds, or elements.

All references are incorporated herein by reference.

The use of the terms a and an and the and similar referents
in the context of describing the invention (especially in the
context of the following claims) are to be construed to cover
both the singular and the plural, unless otherwise indicated
herein or clearly contradicted by context. Or means and/or.
It can further be noted that the terms first, second, primary,
secondary, and the like herein do not denote any order,
quantity, or importance, but rather are used to distinguish
one element from another. The modifier about used in
connection with a quantity is inclusive of the stated value
and has the meaning dictated by the context (e.g., it includes
the degree of error associated with measurement of the
particular quantity). The conjunction or is used to link
objects of a list or alternatives and is not disjunctive; rather
the elements can be used separately or can be combined
together under appropriate circumstances.

What is claimed is:
1. A process for extracting inertial parameters, the process
comprising:

subjecting gyroscope atoms in an expanding cold atom
cloud formed from a point-source of the gyroscope
atoms to modulated light and imprinting a laser phase
of the modulated light onto the gyroscope atoms;

producing matter-wave interference among gyroscope
atoms in the expanding cold atom cloud formed from
the point-source of the gyroscope atoms in response to
subjecting the gyroscope atoms in the expanding cold
atom cloud to the modulated light;

subjecting the gyroscope atoms in the expanding cold
atom cloud to imaging light;

acquiring a plurality of fringe images of the expanding
cold atom cloud in response to subjecting the gyro-
scope atoms in the expanding cold atom cloud to the
modulated light and to the imaging light, such that for
the plurality of fringe images a subsequent fringe image
differs from an immediate prior fringe image by a
difference in fringe phase;

producing the difference in fringe phase by changing the
laser phase of the modulated light between acquiring
individual fringe images;

converting the fringe images into an interferometric phase
map;
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fitting a linear function of a first phase gradient, a second
phase gradient, and the laser phase to interferometric
phase map to obtain the first rotation phase gradient, the
second rotation phase gradient, and the acceleration
phase; and

converting the first rotation phase gradient, the second

rotation phase gradient, and the acceleration phase
from the fitting of the linear function to the interfero-
metric phase map into a rotation rate, rotation direction,
and an acceleration of an inertial point-source matter-
wave atom interferometer gyroscope in which the gyro-
scope atoms are disposed to extract inertial parameters
comprising the rotation rate, rotational direction, and
the acceleration.

2. The process of claim 1, further comprising:

disposing vapor atoms in a gyroscope gas cell, the gyro-

scope gas cell being a rotational frame relative to the
vapor atoms;

producing the gyroscope atoms as the point-source by

cooling the vapor atoms in the gyroscope gas cell, such
that that gyroscope atoms are laser cooled atoms, and
the gyroscope gas cell is the rotational frame relative to
the gyroscope atoms; and

expanding the cloud of gyroscope atoms from the point-

source as the expanding cold atom cloud.

3. The process of claim 2, further comprising:

optically pumping the gyroscope atoms to a first sublevel

of a ground electronic state of the gyroscope atoms; and
subjecting the gyroscope atoms to laser pulses of modu-
lated light applied into the gyroscope gas cell.

4. The process of claim 3, further comprising imaging the
gyroscope atoms in the expanding cold atom cloud with
state-selective absorption of the imaging light.

5. The process of claim 4, wherein imaging the gyroscope
atoms in the expanding cold atom cloud comprises:

performing normalized detection of the expanding cold

atom cloud by: acquiring a first image of the gyroscope
atoms in a second sublevel of the ground electronic
state of the gyroscope atoms, repumping all gyroscope
atoms to the second sublevel of the ground electronic
state of the gyroscope atoms, and acquiring a second
image of the gyroscope atoms in the second sublevel of
the ground electronic state.

6. The process of claim 5, wherein acquiring each fringe
image comprises taking a ratio of the first image to the
second image, such that the fringe image comprises a
population ratio of the gyroscope atoms in the second
sublevel of the ground electronic state.

7. The process of claim 1, wherein the plurality of fringe
images comprises four fringe images, and the four fringe
images have different fringe phases.

8. The process of claim 7, wherein the interferometric
phase map comprises: a phase offset b due to an acceleration
of an inertial frame and the laser phase; a rotation phase
gradient due to the rotation of said inertial frame.

9. The process of claim 8, wherein, in acquiring the four
fringe images, the fringe phase of each subsequent fringe
image acquired differs from the fringe phase of the previous
fringe image acquired by m/2.

10. The process of claim 9, wherein, changing the laser
phase comprises stepping a laser chirp rate to produce the
difference in fringe phase prior to obtaining each fringe
image;

wherein, in converting the fringe images into the inter-

ferometric phase map, the linear function comprises an
inverse tangent function of the population ratio for the
four fringe images.
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11. The process of claim 10, wherein stepping the laser
chirp rate comprises increasing a laser frequency chirp rate
by Va Tz

12. The process of claim 10, wherein, in converting the

5 fringe images into the interferometric phase map, the inter-
ferometric phase map f(x;, y;) is determined by

[ P2l vi) = Palxi, yi)

Xiy = tan’ +nm,
10 90 21 P3(xi, i) = P1(xi, ;)
wherein x,, y; are pixels of the interferometric phase map;
and P, P,, P;, and P, are respectively population ratios
s of a first fringe image, a second fringe image, a third

fringe image, a fourth fringe image of the plurality of
fringe images.

13. The process of claim 12, wherein, in fitting the linear
function to the interferometric phase map, the linear function
provided by
20
S y)=k e,y +0o,

wherein f; is the sum of an acceleration phase of the
inertial point-source matter-wave atom interferometer
gyroscope and the laser phase, and k, and k, are
components of the rotation phase gradient respectively
along axes orthogonal to a propagation direction of the
modulated light.
14. The process of claim 13, further comprising convert-
ing k, and k, from the interferometric phase map into a

30 . .
rotation rate according to
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Q, and k, = Q,,

wherein kis an effective wave vector of modulated light,
W, and W, are components of a rotation vector of the
inertial point-source matter-wave atom interferometer
gyroscope in a plane orthogonal to the direction of
propagation of the modulated light; Ty is time between
pulses of the modulated light during producing matter-
wave interference among gyroscope atoms in the
expanding cold atom cloud, and T, is a total expansion
time of the expanding cold atom cloud.

15. The process of claim 14, wherein, in subjecting the
gyroscope atoms in the expanding cold atom cloud to the
modulated light, the modulated light comprises a laser pulse
sequence comprising: a first laser pulse including a first laser
power and first laser pulse width, a second laser pulse
including a second laser power and second laser pulse width,
and a third laser pulse including a third laser power and third
laser pulse width, such that the first laser pulse, the second
laser pulse, and the third laser pulse serve as matter-wave
beam splitters, mirrors, and beam splitters, respectively.

16. The process of claim 15, further comprising

producing a phase control signal; and

controlling the laser pulse sequence with the phase control

signal.

17. The process of claim 16, wherein the laser pulse
sequence comprises a w/2-n-7/2 Raman laser pulse
sequence.

18. The process of claim 1, wherein, in changing the laser
phase of the modulated light between acquiring individual
fringe images, the fringe phase is changed by /2.

19. An inertial point-source matter-wave atom interfer-
ometer gyroscope comprising:
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an analyzer that receives a plurality of fringe images of
gyroscope atoms, the fringe images comprising: a first
fringe image that comprises a first fringe phase, a
second fringe image that comprises a second fringe
phase; and a third fringe image that comprises a third
fringe phase, a fourth fringe image that comprises a
fourth fringe phase, wherein the first fringe phase, the
second fringe phase, the third fringe phase, and the
fourth fringe phase are different;

a phase mapper of the analyzer that produces a interfero-
metric phase map for the gyroscope atoms from the
fringe images of the gyroscope atoms; and

a fitter of the analyzer in communication with the phase
mapper and that receives the interferometric phase map
from the analyzer and determines inertial parameters of
the gyroscope atoms from the interferometric phase
map, the inertial parameters comprising an accelera-
tion, a rotation direction, and a rotation rate of the
inertial point-source matter-wave atom interferometer
gyroscope relative to the gyroscope atoms.

20. The inertial point-source matter-wave atom interfer-
ometer gyroscope of claim 19, further comprising an imager
in communication with the analyzer and that receives a
plurality of atom cloud projection, produces the fringe
images from the atom cloud projections, and communicates
the fringe images to the phase mapper.

21. The inertial point-source matter-wave atom interfer-
ometer gyroscope of claim 20, further comprising a gyro-
scope gas cell in communication with the imager and that
receives gyroscope atoms, modulated light, and imaging
light, produces each atom cloud projection in response to
receipt of the imaging light, and communicates each atom
cloud projection to the imager.

22. The inertial point-source matter-wave atom interfer-
ometer gyroscope of claim 21, further comprising an imag-
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ing light source in communication with the gyroscope gas
cell and that produces the imaging light and subjects the
gyroscope atoms to the imaging light to produce each atom
cloud projection.

23. The inertial point-source matter-wave atom interfer-
ometer gyroscope of claim 21, further comprising a modu-
lated light source in communication with the gyroscope gas
cell and that produces the modulated light and subjects the
gyroscope atoms in the gyroscope gas cell to the modulated
light.

24. The inertial point-source matter-wave atom interfer-
ometer gyroscope of claim 23, wherein the modulated light
comprises a laser pulse sequence comprising: a first laser
pulse comprising a first laser pulse including a first laser
power and laser pulse width, a second laser pulse including
a second laser power and laser pulse width, and a third laser
pulse including a third laser power and laser pulse width,
such that the first laser pulse, the second laser pulse, and the
third laser pulse serve as matter-wave beam splitters, mir-
rors, and beam splitters, respectively.

25. The process of claim 24, wherein the laser pulse
sequence is a m/2-7-7t/2 Raman laser pulse sequence.

26. The process of claim 25, wherein the difference of
laser phase of the modulated light between acquiring indi-
vidual fringe images is /2.

27. The inertial point-source matter-wave atom interfer-
ometer gyroscope of claim 23, further comprising a phase
shifter in communication with the modulated light source
and that produces a phase control signal and communicates
the phase control signal to the modulated light source, such
that a phase of the modulated light produced by the modu-
lated light source changes in response to the phase control
signal.



