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ATOMIC OPTICAL REFERENCE SYSTEM

CROSS REFERENCE TO RELATED APPLICATION
10001} This application claims priority from U.S. Provisional Patent Application
No. 63/332095, fded 18 April 2022; and U.S. Nounprovisional Patent Application No. 18/297886,

filed 10 April 2023, both of which are incorporated herein by reference in its entivety.

TECHNICAL FIELD
10002} The present invention relates generally to atomic systems, and specifically to an

atomic optical reference system.

BACKGROUND
[0003] Atomic systems that implement atomic interaction with optical beams are
implemented for a variety of applications, such as sensors and atomic clocks. As an cxample,
one or more optical beams can be provided through a vapor cell that inclades an alkali metal
vapor, such that excitation of the alkali metal vapor atoms can exhibit an optical response based
on araplitude, frequency, and/or polarization of the optical bean(s). The optical response of a
given atomic system can thus be indicative of a parameter (e.g., time, rotation, magnetic field,
electric field, acceleration) to a highly accurate degree. Stability of the power of the optical
beam can typically be required to maintain accuracy of the atomic systems. The power of the
iaser that generates the optical beam can be a canse of and subject to different forms of
instability, such as causcd by cnvironmental fluctuations and aging of the lascr, the power

supplies, and/or the monitoring systems.
& E 2

SUMMARY
[0004] One example inchudes an atomic optical reference system. The system inchades
an optical system comprising a laser configured to generate an optical beam. The system also
includes a vapor cell comprising alkali metal atoms that are stimulated in response to a
modulated beam corresponding o an amplitude-modulated version of the optical beam. The

1
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system also includes a detection system configored to monitor at least one detection signal
corresponding to light emitted from or absorbed by the vapor cell and to generate at least one
feedback signal 1o response to the at least one detection signal. The systern further 1nclades a
beam modulator configured to amplitude-modulate the optical beam to generate the modulated
beam and to frequency shift the optical beam to generate an output beam having a stable
frequency in response (0 the al least one feedback signal.

10005} Another example includes a method for generating an output beam having a stable
frequency reference. The method includes generating an optical beam and amplitude-modulating
the optical beam to generate a modulated bearn, The method also includes providing the
modulated beam through a vapor cell, the vapor cell comprising alkali wetal atoms that are
stimulated in response to the modulated beam and monitoring at least one detection signal
corresponding to light emitied from or absorbed by the vapor cell. The mwethod further includes
generating at Jeast one feedback signal in response to the at least one detection signal, and
frequency shifting the optical beam to generate the output beam in response to the at least one
feedback signal.

10006} Another example includes an atomic clock system. The atomic clock system
includes an optical system comprising a laser configured to generate an optical beam and a vapor
ceif comprising alkali metal atoms that are stimulated in response to a modulated beam
corvesponding to an amplitude-moduolated version of the optical beam. The system also inchades
a detection sysicm configured to monitor at least one detection signal corresponding to fight
emitted from or absorbed by the vapor cell and to generate at least one feedback signal in
response to the at least one detection signal. The system also includes an amplitude modulator
configured to amplitude-modulate the optical beam between a {irst amplitude and a second
amplitude to generate the modulated beam. The system further includes a frequency shifter that
is configured to shift a frequency of the optical beam approximately equal and opposiie a
frequency shift between the first amplitude and the second amplitude of the modulated beam n

response to at least one feedback signal to generate an output beamn having a stable frequency.

[3®]
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BRIEF DESCRIPTION OF THE DRAWINGS

10007} FIG. 1 illustrates an example of an atomic optical reference system.

(0008} FIG. 2 llustrates an example of a detection sysiem.

(0009} FIG. 3 illustrates an example of a beam modulator.

10010} FIG. 4 illustrates an example of a graph of light-shift as a function of optical
power.

10011} FIG. S illustrates an example of a method for generating an output beam having a

stable frequency reference.

DETAILED DESCRIPTION
10012] The present invention relates generally to atomic systems, and specifically to an
atormic optical reference system. The atomic optical reference system is configured to generate
an output optical beam that has a highly stable freguency that is insensitive to aging and/or other
sources of instability. As an example, the cutput optical beam can be implemented as a
frequency reference, such as for an atomic clock.
10013} The atomic optical reference system includes an optical system and a vapor cell.
The optical system includes a laser configured to generate an optical beam and the vapor celi
includes alkali metal atoms {e.g., cesinm}. The atoms of the alkali metal vapor can be stinntiated
{c.g., cxcited) in response to a modulated bearmn corresponding to an amplitude-modulated
version of the optical beam. As described herein, the terms “amplitude” and “power” with
respect to the optical beam are used interchangeably. The optical system can also include optics
that can polarize {e.g., circularly-polarize or linearly-polarize} the optical beam and can provide
the modulated beam through the vapor celi twice {e.g., in antiparallel directions) to provide a
two-photon excitation of the alkali voetal vapor atoms based on the {requency of the modulated
beam. Therefore, the alkall metal vapor can exhibit fluorescence based on the energy of the
alkali metal vapor atoms decaying from an excited state {c.g., from a sccond cnergy state to a

first energy state}.
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10014} The atomic oplical reference sysiern also includes a detection system configored
to monitor at least one detection signal corresponding to light emitted from or absorbed by the
vapor cell. The detection signal(s) can inclade a frequency reference signal corresponding 1o
fluorescence emitied from the alkali metal atoms and can include an amplitude detection beam
corresponding o the modulated beam exiting the vapor cell. The detection system can be
configured to generale at least one feedback signal in response to the detection signal(s), such as
a frequency shift feedback signal based on the freguency reference signal and an amplitude
feedback signal based on the amplitude detection beam. The atomic optical reference systen
further includes a beam modulator conligured to amplitude-modulate the optical bearn to
generate the wodulated beam and to frequency shift the optical beam to generate the ouipat beam
having a stable frequency in response to the feedback signal(s).

10015} As an example, the beamn modulator can modulate the optical beam between a
first amplitude and a second amplitude of optical power to generate the modulated beam. As an
example, the second amplitude of the optical power can be twice the first amplitude of the
optical power. The detection system can include a frequency detector that is configured to
monitor the frequency reference signal at cach of different times of the first amplitude and the
second amplitade of the modulated beam. The detection system can thus generate the frequency
shift feedback signal corresponding to the frequency shift of the modulated beam at each of the
first and second amplitudes of the modulated beam.

{00186} The frequency shift feedback signal can be provided to a frequency shifter that is
configured to shift the frequency of the optical beam approximately equal and opposite a
frequency shift between the first and second amplitudes of the modulated beam to generate the
output bearn. As an example, laser power of any amplitude provides light-shift (e.g., AT Stark
Shift}, and the power of the laser in providing the optical beam can be subject to instability.
However, the {requency shifl between the {irst and second amplitudes of the modulated beam
can correspond to the frequency shift from the first amplitade of the modulated beam to a zero
light-shift based on the locking of the frequency of the optical beam to the frequency

corvesponding to the maximum probability of stimulation of the alkali metal atoms at the first
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amplitude of the modulated beam. Accordingly, aging effects and other spources of instability
that result in optical frequency shift can be negated from the output beam by continuously
measuring and removing the light-induced frequency shift of the optical beam.

10017} FIG. 1 illustrates an example of an atomic optical reference system 100, The
atomic optical reference system 100 can be muplemented in any of a variety of applications that
require a stable frequency of an optical beam. For example, the atomic optical reference system
100 can be implemented in an atomic clock system.

0018} The atomic optical reference system 100 includes an optical sysiern 102, The
optical system 102 includes a laser 104 configured to generate an optical beam OPTpm and
optics 106. The atomic optical reference system 100 also mcludes a beam moduolator 108, In the
example of FIG. 1, the beam modulator 108 is configured to amplitude-modulate the optical
beam OPTey to generate a modulated beam OPTwop. As an example, the amplhitude-modulation
of the optical beam OPTrwy can be between a first amplitude and a second amplitude that is
greater than the first amplitude by predetermined amplitude difference. For example, the second
amplitude can be approximately twice the first amplitude. As described in greater detail herein,
the increase in amplitude of the modulated beam OPTmop from the first amplitade to the second
amphitede results in a {requency shilt of the modulated beam OPTwvop.

100191 The atomic optical reference system 100 also includes a vapor celi 110 that
wcludes an alkali metal vapor (e.g., cesiom). The modulated beara OPTwop can interact with
alkali metal vapor in the vapor cell 110, such as to excite the alkali metal atoms from a first
energy state {e.g., ground state) to a second energy state that is greater than the first energy state.
As an exanple, the optics 106 can polarize {e.g., circularly-polarize or linearly-polarize) the
optical beam OPTewv and can provide the modulated beam OFPTwmon through the vapor cell twice
{e.g.. in antiparallel directions) to provide a two-photon excitation of the alkali metal atoms in
the vapor cell 110 based on the frequency of the modulated beam OPTyop. Thereflore, the alkali
metal vapor can exhibit fluorescence based on the alkahi metal atoms emitting photons to fall

back to the initial energy state (e.g., from the second energy state to the first energy state).
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100207 The atomic optical reference system 100 further inclodes a detection system 112,
The detection system 112 is configured to monitor at least one detection signal, demonstrated in
the example of FIG. 1 as a signal OPTper, that 1s provided from the vapor cell 110, The
detection beam{sy OPTper can include a power detection beam corresponding to the modulated
beam OPTwmon exiting the vapor cell 110, and can include a frequency reference signal
corresponding to the fluorescence emitted from the alkali metal atoms. In the example of FIG. 1,
the detection system 112 is configured to generate at least one feedback signal FDBK based on
the detection beam(s) OPTper. As an example, the feedback signal(s) FDBK can include an
amplitude feedback signal and a frequency shift feedback signal. As described in greater detail
herein, the amplitude feedback signal can be implemented to lock the amplitude of the
modulated beam OPTyop at each of the first and second amplitudes. As also described in
greater detail herein, the frequency shilt feedback signal can be irmoplemented to lock the
frequency of the optical beam OPTgy. For example, the frequency of the optical beam OFTem
can be locked to the frequency that maximizes the probability of stimulation of the alkali metal
atoms from the first energy state to the second energy state, thereby resuiting in the greatest
intensity of fluorescence from the energy of the alkali metal atoms decaying back to the first
energy state, af the first amplitude of the modulated beam OP Twmop.

10021} Furthermore, the frequency shift feedback signal of the feedback signal(s) FDBK
can be provided to the beam ywodulator 108, The beam modulator 108 can thus shift the
frequency of the optical beam OGP Try equal and opposite a frequency shift between the first and
second amplitudes of the modulated beam OPThop to generate an output beam OPTour.
Therefore, the frequency shift between the first and second amplitudes of the modulated beam
can correspond to the frequency shift from the first amplitude of the modulated bearn to a zero
light-shift, which corresponds to approximately the frequency shift of the optical beam GPTpum.
Accordingly, aging effects and other sources of instability that result in optical frequency shift
can be negated from the ountput beam by continuounsly measuring and removing the hght-induced

frequency shift of the optical beam OPTam.
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10022} FIG. 2 illustrates an example of a detection system 200. The detection

system 200 can correspond to the detection system 112 in the example of FIG. 1. Therefore,
reference 15 to be made to the example of FIG. 1 1o the following description of the example of
FIG. 2.

100231 The detection system 200 includes a photodetector 202 and an amplitude
controtler 204. The detection system 200 recetves the detection signal OPTper, which is
demonstrated in the exaraple of FIG. 2 as including a power detection beam OPTpwr and a
frequency reference signal OPTrer. The power detection beam OPTewr can correspond to the
modulated beam OPTwmop exiting the vapor cell 110 and is provided to the photodetector 202.
Therefore, the photodetector 202 is configured to generate a voltage Vpws that is indicative of
the amphitade of the power detection beam OFTpwr, and thus the modulated beam OPTwvop {e.g.,
after absorption of photons by the alkali metal atoms 1o the vapor cell 110}, The amplitude
controler 204 receives the voltage Vpwe, as well as a predetermined reference voltage Vegr.
The amplitude controller 204 is thus configured to generate a control signal CNTL that is
indicative of a difference between the voltage Vpwr and the reference voltage Veer.

100241 As described in greater detail herein, the control signal CNTL can be
implemented to amplitude-roodulate the optical beam OPTay to generate the modulated beam.
For example, the reference voltage Vrer can be modulated between a first voltage amplitude
corresponding to the first amplitude and a second voltage amplitude corresponding to the second
amplitude. Therefore, the control signal UNTL can be indicative of the difference in amplitude
of the voltage Vpwr relative to the first voltage amplitude of the reference voltage Vrer and the
second voltage amplitude of the reference voltage Ve, Accordingly, the control signal CNTL
can correspond to a portion of the feedback signal(s) FDBK that is provided to the bearn
modulator 108,

10025] The detection system 200 also includes 4 frequency controller 206, The
freguency controtler 206 receives the frequency reference signal OPTrer as an fnput. As an
example, the frequency controller 206 can include a photodetector {¢.g.. a photodiode), and as

described above, the {requency reference signal OPTrer can correspond to the fluorescence
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emitted from the alkali metal atoms as the energy of the alkali metal atoms decays from the
second energy state to the first {e.g., ground) energy state. or light absorbed from the optical
beam OPTew by the alkali wetal atoras. Therefore, the intensity of the frequency reference
signal OPTrer can be indicative of a probability of stimulation of the alkali metal atoms from the
first energy state to the second energy state, which 1s a function of the freguency of the
modulaled beam OPTyop. Therefore, in response o detecting the intensity of the frequency
reference signal OPTrer, the freguency controller 206 generates a frequency shift feedback
signal FREQ that corresponds to the frequency offset of the modulated beam OPTvop relative to
an optimuin peak corresponding to the highest infensity of the frequency reference signal
OPTrer. The frequency shift feedback signal FREQ) can be provided to the faser 104 to lock a
frequency of the optical beam OPTpy that corresponds to the highest probability of stimulation
of the alkali metal atoms from the fivst energy state to the second energy siate. Additionally, as
described in greater detail herein, the frequency shift feedback signal FREQ can be provided to
the beam modulator 108 to provide a frequency shift of the optical beam OPTry to offset the
light-shift {e.g.. AC Stark shift) resuiting from the power of the optical beam OPTrum.
Accordingly, the frequency shift feedback signal FREQ can correspond to a portion of the
feedback signal(s) FDBK that is provided to the beam moduolator 108,

10026} FIG. 3 illastrates an example of a beam modulator 300. The beam modulator 300
can correspond to the beam moduolator 108 in the example of FIG. 1. Therefore, reference is to
be made to the example of FIG. 1 in the {ollowing description of the example of FIG. 3.

100273 The beam modulator 300 includes an amplitade modulator 302 and a frequency
shifter 304. Each of the amplitude modulator 302 and the {requency shifter 304 receive the
optical beam OPTaw as an input. The amplitade modulator 302 also receives the control signal
CNTL as an input. The amplitude modulator 302 is therefore configured to amplitude-modulate
the optical bearm OPTay to generate the modulated beam OPTvop. As an example, the
modulated bearn OPTwon can be moduolated between a first amphitude that 1s based ou the first
voltage amplitude of the reference voltage Vrrr and a second amplitude that is based on the

second voltage amplitude of the reference voltage Vrer. AS another example, the second voltage
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amplitude of the reference voltage Vrer can be approximately twice the amplitude of the first
voltage armplitude of the reference voltage Veer. Therefore, the second amphitnde (e.g., power)
of the moduolated bearn OPTvop can be approximately twice the amplitude (e.g., power) of the
first amplitude of the modulated beam OFTwop.

10028} As described above, the power of the optical beam OPTum. and thus the
modulated beam OPTwop, affects the light-shift with respect to absorption of the photons of the
modulated beara OPTwon by the alkali atoms in the vapor cell 110, Therefore, the change in
amplitude of the modulated beam OPTwmop can thus result in an observable change in the light-
shift of the absorption of photons of the alkali metal atoms between the first amnplitude and the
second amplitude, as described in greater detail with respect to the example of FIG. 4.

10029] FIG. 4 illustrates an example of graph 400 of light-shift as a function of optical
power. The graph 400 can correspond to the effect of Light-shift of the absorption of photons by
the alkali metal atoms in the vapor cell 110 resulting from variations in power of the modulated
beam OPTwmop. Therefore, reference is to be made to the examples of FIGS, 1-3 in the following
description of the example of FIG. 4.

100301 The graph 400 includes a line 402 that extends from a zero light-shift point 404
with a negafive slope along increasiog amphitude of the modualated beam OPTuop. The zero
tight-shift point 404 corresponds to a point at which optical power is approximately zero, and
thus demoustrates that any optical power results in some light-shift, with increasing lght-shift at
a negative slope {e.g., based on a negative polarity} as optical power further increases. In the
example of FIG. 4, the line 402 is demonstrated as approximately Hnear.

(003131 The graph 400 also demonstrates a first power “A” and a second power “2A”.
For exarmaple, the amplitude modulator 306 can be configured to modulate the optical beam
between the {irst power “A” at a first fime and the second power “2A” at a secound time. As
described above, because any power of the modulated beam OFTyop results in light-shift, the
first power “A” 1s demonstrated as having a frequency shift of O¢ from the zero light-shift point
404. In the example of FIG. 4, the second power “2A” is demonstrated as having approximately

double the power of the first power “A”. Therefore, based on the linearity of the line 402, the
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second power “2A” has a frequency shift of 6r from the first power “A”, and thus a frequency
shift of approximately 28; from the zero light-shift point 404,

100323 The frequency shift & can be observable based on the intensity of the frequency
reference signal OPTrer. For example, based on a known freguency of the excitation of the
atkali metal atoms from a first energy state (o a second energy state and based on a known
spectral density of the intensity of the frequency reference signal OPTrer {for on-resonance and
detuned frequencies, an offset frequency of the modulated beam OPTwvop can be determined by
the frequency controller 206. Therefore, the frequency offset 8¢ can be communicated to the
frequency shifter 304 via the frequency shift feedback signal FREQ.

100331 Referring back to the example of FIG. 3, the frequency shifter 304 is configured
to receive the frequency shift feedback signal FREQ corresponding to one of the feedback
signal{s) FDBE. The frequency shifter 304 can thus provide a freguency shift approximately
equal and opposite the frequency offset & to the optical beam OPTam to generate the output
beam OPTour. Therefore, the cutput beam OPTour can be provided at a frequency that exhibits
approximately zero light-shift, despite sources of instability.

100341 For example, because the difference in light-shift between the first power “A” and
the second power “2A” is measured to be approximately equal to the freguency offset &, then
becaunse of the linearity of the light-shift with respect to optical power {e.g., as exhibited by the
fine 402), the dilference between the first power “A” and the zero light-shut point 404 is
approximately also equal to the frequency offset &r. Accordingly, when the laser 104 is locked to
the frequency corresponding to the first power “A” of the modulated beam OPTwop, by
providing a frequency shift to the optical beam OPTawm that 1s approximately equal to and
opposite the frequency offset &; via the frequency shifter 304, the output beam OPTour can be
provided at approximately zero light-shift. In other words, light-shift is sampled based on the
observable difference between the [irst and second amplitudes of the modulated beam OPTwmop,
with such observable light-shift being approximately equal to the light-shift of the optical beam
OPTeM when the optical beam OPTry is focked to the frequency of highest probability of

A9

absorption of photons at the first amplitude “A”. Accordingly, the measured light-shift can be
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removed from the optical beam OPTrw to generate the output beam OPTour with zero light-shift
regardless of sources of instability. As a result, the output beam OPTour can be provided at a
very stable frequency, and can thus be used as a highly stable frequency reference.

10035} As an example, sources of light-shift instability can result in changes to the slope
of the line 402 and/or variation in the applied optical power via the amplitude modulator 302.
However, becaunse the frequency offset r between the first and second powers can be observable
and 1s approximately equal with respect to the frequency offset between the zero hight-shift point
404 and the first power, then such sources of instability are trrelevant to canceling the light-shift
of the optical bearn OPTewm in generating the output beam OPTour. Furthermore, the example of
FIGS. 1-4 herein describe that the araplitnde modulation of the optical beara OPTgwm in
zenerating the modulating beam OPTwuop 18 between two powers, with the second power being
approximately twice the first power. However, other arrangements can be implemented in the
atomic optical reference system 1001

10036} For example, the amplitude-modulation can be between three or more amplitudes
that are not limited to being even multiples with respect to each other. As an example, the
amplitnde modulator 306 can be configured to modulate the optical bearn between the first
power “A” at a {irst fime, the second power “2A™ at a second time, and a third power at a third
time. The third power can be either between the first and second powers “A” and “2A" orata
power outside of the range of the first and second powers “A” and “2A”. Therefore, non-
linearity of the line 402, and thus the light-shift with respect to optical power, can be detected
and better modeled to provide for a more accurate observation of power-induced light-shift, and
thus a more stable frequency of the output beam OPTouy.

10037} in view of the foregoing structural and functional features described above, a
methodology in accordance with various aspects of the disclosure will be better appreciated with
reference to FIG. 5. It is {o be understood and appreciated that the method for FIG. 5 is not
Hmited by the llustrated order, as some aspects could, in accordance with the present disclosure,

occur in ditferent orders and/or concurrently with other aspects from that shown and described
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herein. Moreover, not all illustrated features may be required to implement a methodology in
accordance with an aspect of the present examples.

10038} FIG. § tllustrates an example of a wethod 500 for generating an output beam (e.g.,
the cutput beam OPTour) having a stable frequency reference. At 502, an optical beam {¢.g., the
optical beam OPTuw) 1s generated. At S04, the optical bearn is aruplitude-modalated to generate
a modulated beam (e.g., the modulated beam OPTwop). At 506, the modulated beam is provided
through a vapor cell {¢.g., the vapor cell 118}, The vapor cell can include alkali metal atoms that
are stumulated in response to the modulated beam. At 508, at least one detection signal {(e.g., the
detection signal(s) OPTpgr) corresponding o light emitted from or absorbed by the vapor cell is
monitored. At 510, at least one feedback signal (e.g., the feedback signal(s) FDBEK) is generated
in response to the at least one detection signal. At 512, the optical beam is frequency shifted to
generate the onlpul beam in response to the at least one feedback signal.

(0039} What have been described above are examples of the present invention, It is, of
course, not possible to describe every conceivable combination of components or methodologies
for purposes of describing the present invention, but one of ordinary skill in the art will
recognize that many further combinations and permutations of the present invention are possible,
Accordingly, the present invention is inlended to embrace all such alterations, modilications and
variations that fall within the spirit and scope of the appended claims. Additionally, where the
disclosore or claims recite "a," "an,” "a first,” or "avother” element, or the equivalent thereof, it
should be interpreted to include one or more than ong such clement, neither requiring nor
excluding two or more such clements. As used herein, the term "inchudes” means inclodes but
not limited to, and the term "including” means including but not limited to. The term "based on”

means based at least in part on.
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CLAIMS

What 1s claimed is:

I. An atomic optical reference system comprising:

an optical system comprising a laser configured to generate an optical beam;

a vapor cell comprising alkali metal atoms that are stimulated in response to a modulated
beam corresponding to an amplitude-modulated version of the optical bearn;

a detection system configured to monitor at least one detection signal corresponding to
light emiited from or absorbed by the vapor cell and (o generate at least one {eedback signal in
response (o the at least one detection signal; and

a beam modulator configured to amplitude-modulate the optical beam to generate the
modulated beam and to freguency shifi the optical beam to generate an ouipul beam having a

stable frequency in response to the at least one feedback signal.

2. The system of claim 1, wherein the beam modulator comprises an amplitude modulator
configured to amplitnde-modulate the optical beam between a first amplitude and a second
amplitude to generate the modulated beam.

3. The system of claim 2, wherein the at least one feedback signal comprises an amplitude
‘cedback signal configured to lock the modulaied beam to a first predetermined reference
amphtode corresponding 1o the first amplitude at a first time and o a second predetermined
reference amplitude corresponding to the second amplitude at a second time, wherein the second

amplitude is greater than the first amplitude by a predetermined amplitode difference.

4, The systern of claim 2, wherein the amplitude moduolator s configured to amplitnde-
modulate the optical beam between the {irst amplitude at a first time, the second amplitude, at 8

second time, and a third amplitude at a third time to generate the modulated beam.



WO 2023/204992 PCT/US2023/018050

5. The system of claim 2, wherein the at least one feedback signal comprises a freguency
shift feedback signal, wherein the beam modulator comprises a frequency shifter that is
configured to shift a frequency of the optical beam approximately equal and opposite a frequency
shift between the first and second amplitudes of the modulated beam to generaie the output

beam.

6. The systern of claim |, wherein the optical system comprises optics configured provide
the modulated beam through the vapor cell twice to provide for absorption of two photons to
excite the alkali metal atoms from a {ivst energy state to 2 second encrgy state, wherein the at
least one detection signal comprises a frequency reference signal corresponding to fluorescence
emitted from the alkali metal atoms in response to energy of the alkali metal atoms decaying

from the second energy state to the first energy state.

7. The system of claim 6, wherein the detection system is configured to monttor the
frequency reference signal, wherein the at least one feedback signal comprises a frequency
feedback signal corresponding to a frequency of the optical bear, wherein the frequency
feedback signal is configured o lock the frequency of the optical beam to a predetermined

frequency.

8. The system of claim 7. wherein the beam modulator comprises a frequency shifter that is
configured to shift the freguency of the optical beam approximately egual and opposite a
frequency shift between a first amplitude and a second amplitude of the modulated beam in

response to the frequency feedback signal to generate the output beam.

9. The systern of claim 6, wherein the at least one detection signal comprises an amplitude
detection beam corresponding to the modulated beam exiting the vapor cell, wherein the
detection system comprises a photodetector configured to monitor an amplitude of the amplitade

detection bearn o lock a {irst aroplitude of the modulated beam to a predetermined amplitude,

i4
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the beam modulator being configured to modulate the modulated beam between the {first
amplitnde and a second amplitude that 1s greater than the first amplitude by a predetermined

amphtode difference.

10 An atomic clock comprising the atormic optical reference system of claim 1, wherein the

atornic clock 1s configured (o provide a time reference based on the output beam.

11 A method for generating an output beam having a stable frequency reference, the method
comprising:

generating an optical beam;

amplitude-modulating the optical beam to generate a modulated bean;

providing the modulated beam through a vapor cell, the vapor cell coraprising alkah
metal atoms that are stimulated in response to the modulated beam;

mounttoring at least one detection signal corresponding to light emitted from or absorbed
by the vapor cell;

generating at least one fecdback signal in response to the at least one detection signal;
and

frequency shifting the optical beam to generate the output beam in response (o the at least

one feedback sigunal.

12. The method of claim 11, wherein amplitude-modulating the optical beam comprises
amplitude-modulating the optical beam between a first amplitude at a first time and a second

amplitude at a second ime to generate the modulated beam.

13. The method of claim 12, wherein generating at least one feedback signal comprises
generating a {requency shift feedback signal, wherein {requency shifting the optical beam

comprises shifting a frequency of the optical beam approximately equal and opposite a frequency
D }I o o

[,
hn
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shift between the first and second amplitades of the modulated beam to generate the output

beam.

14. ‘The method of claim 11, wherein providing the modulated beam through the vapor cell
comprises exciting the alkalt metal atoms from a fivst energy state to a second energy state in
response (o the modulated beam, wherein monitoring at least one detection signal comprises
monitoring a frequency reference signal corresponding to fluorescence emitted from the alkali
metal atoms in response to energy of the alkali metal atoms decaying from the second energy
state to the first energy state, wherein gencrating the at least one feedback signal comprises
generating a frequency feedback signal corresponding to a frequency of the optical beam,
wherein the frequency feedback signal is configured to lock the frequency of the optical beam to
a predetermined {requency, the method further comprising shifting the frequency of the optical
beam approximately equal and opposite a frequency shift between a first amplitude and a second
amplitude of the moduolated bearn in response to the frequency feedback signal to generate the

output beam.

1. The method of claim 11, wherein monitoring at least one detection sigoal comprises
monitoring an amplitude detection beam corresponding to the modulated beam exiting the vapor
cell via a photodetector to lock a first amplitude of the modolated beam to a predetermined
amplitude, wherein modulating the optical beam comprises modulating the modulated beam
between the fivst amplitude and a second amplitude that is greater than the first amphitade by a

predetermined amplitude difference.

6. An atomic clock system, the atomic clock system comprising:
an optical system cornprising a laser configored to generate an optical bearn;
a vapor cell comprising alkali metal atoms that are stimulated in response to a modulated

beam corresponding to an amplitude-modulated version of the optical beamy;

15
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a detection system configured to monitor at least one detection signal corresponding to
light emitted from or absorbed by the vapor cell and to generate at least one feedback signal in
response to the at least one detection signal;

an amplitude modulator configured to amplitude-moduiate the optical beam between a
first amplitude and a second amplitude to generate the modulated beam; and

a [requency shifter that is configured (o shilt a frequency of the optical beam
approximately equal and opposite a frequency shift between the first amplitude and the second
amplitude of the modnlated beam in response to at least one feedback signal to generate an

output bearm having a stable {requency.

17 The system of claim 16, wherein the optical system comprises optics configured provide
the modulaied beam through the vapor cell twice to provide {or absorption of two photons (o
excite the alkali metal atoms from a first energy state to a second energy state, wherein the at
ieast one detection signal comprises a frequency reference signal corresponding to fluorescence
emitted from the alkali metal atoms in response to energy of the alkali metal atoms decaying

from the second energy state to the first energy state.
S &

8. The system of claim 17, wherein the detection system is configured to monitor the

frequency reference signal, wherein the at least one feedback signal comprises a frequency
feedback signal corresponding to the frequency of the optical beam, wherein the frequency
feedback signal 1s configured to lock the frequency of the optical beam {0 a predetermined

frequency.

19 The system of claum 18, wherein the at least one detection signal comprises an amplitude
detection beam corresponding to the modulated beam exiting the vapor cell, wherein the
detection system comprises a photodetector configured to monitor an amplitude of the amphitude
detection beam to lock the first amplitude of the modulated beam to a predetermined amplitude,

the beam modulator being configured (o modulate the modulated beam between the {first

17
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amplitude and the second amplitude that is greater than the first amplitude by a predetermined

amplitude difference.
24 The system of claim 16, wherein the amplitude modulator 1s configured to amplitude-

modulate the optical beam between the first amplitude at a first time, the second amplitude, at a

second time, and a third amplitude al a third time to generate the modulated beam.

i8



WO 2023/204992 PCT/US2023/018050
1/3
100
R g OP Tyt
1180
102 s o112
f- 108

OPTICAL
SYSTEM ) OPTue DETECTION

OPTpw BEAM OPTuon ey
LASER A j VAPOR CELL SYSTEM

™ MODULATOR .

it 11 7]
OPTICS |00

orane

? j FDRBK
v
rd
200
f“
DETECTION SYSTEM
AMPLITUDE
Vegp B CONTROLLER B CNTL
204 --// 503
Vewr /7
pe; PHOTODETECTOR
OFTrng 2 - 206
OPTrer >t /
OPTrer >
REF 27 - FREQUENCY B EREQ

CONTROLLER




WO 2023/204992 PCT/US2023/018050

)
W

100 ~
300
BEAM F\ﬁODULATOijw 304
OPTew >=——g—-B FREQUENCY | | OPToyr
! g|  SHIFTER
| FREQ >+
FDBK»--WE CNTL > g AMPLITUDE CPTuop -
: - @ MODULATOR
- 306
400 —~

O i lfn 1 o

LIGHT-OHIFT

A 2A
POWER AMPLITUDE OF OPTyon




WO 2023/204992 PCT/US2023/018050

o
"

500
T

GENERATE AN OPTICAL BEAM

i -~ 504

AMPLITUDE-MODULATE THE OPTICAL BEAM TO GENERATE AMODULATED BEAM

i - 506

PROVIDE THE MODULATED BEAM THROUGH A VAPOR CELL

i 508

MONITOR AT LEAST ONE DETECTION SIGNAL CORRESPONDING TO LIGHT EMITTED FROM OR
ABSORBED BY THE VAPOR CELL

i 510

GENERATE AT LEAST ONE FEEDBACK SIGNAL IN RESPONSE TO THE AT LEAST ONE DETECTION
SIGNAL

L 512

FREQUENCY SHIFT THE OPTICAL BEAM TO GENERATE THE QUTPUT BEAM IN RESPONSE TO THE AT
LEAST ONE FEEDBACK SIGNAL




INTERNATIONAL SEARCH REPORT International application No.
PCT/US2023/018050

A. CLASSIFICATION OF SUBJECT MATTER
HO3L 7/26(2006.01)i; HO1S 1/06(2006.01)i; HO1S 5/06(2006.01)i

According to International Patent Classification (IPC) or to both national classification and IPC

B. FIELDS SEARCHED

Minimum documentation searched (classification system followed by classification symbols)

HO3L 7/26(2006.01); GO4F 5/14(2006.01); HO1S 1/06(2006.01); HO1S 3/10(2006.01); HO1S 3/13(2006.01);
HO1S 5/0687(2006.01); HO1S 5/14(2006.01); HO5H 3/02(2006.01)

Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched

Korean utility models and applications for utility models
Japanese utility models and applications for utility models

Electronic data base consulted during the international search (name of data base and, where practicable, search terms used)

eKOMPASS(KIPO internal) & Keywords: atomic optical system, vapor cell, amplitude-modulated beam, feedback signal,
frequency shift

C. DOCUMENTS CONSIDERED TO BE RELEVANT

Category™ Citation of document, with indication, where appropriate, of the relevant passages Relevant to claim No.

US 2020-0117146 A1 (MICHAEL S. LARSEN et al.) 16 April 2020 (2020-04-16)
A paragraphs [0002]-[0069]; and figures 2-8 1-20

US 2008-0042761 Al (WILLIAM HAPPER et al.) 21 February 2008 (2008-02-21)
A paragraphs [0007]-[0041]; and figures 1-12 1-20

US 10684591 B1 (GOVERNMENT OF THE UNITED STATES, AS REPRESENTED BY THE
SECRETARY OF THE AIR FORCE) 16 June 2020 (2020-06-16)

A column 5, line 26 — column 9, line 45; and figures 1-4 1-20

US 10340658 B1 (AOSENSE, INC.) 02 July 2019 (2019-07-02)
A column 2, line 16 — column 13, line 6; and figures 1-8 1-20

US 2013-0003766 Al (ANATOLIY A. SAVCHENKOV et al.) 03 January 2013 (2013-01-03)
A paragraphs [0071]-[0113]; and figures 6-21 1-20

D Further documents are listed in the continuation of Box C. See patent family annex.

*  Special categories of cited documents: “T” later document published after the international filing date or priority

«A” document defining the general state of the art which is not considered date and not in conflict with the application but cited to understand the
to be of particular relevance principle or theory underlying the invention

“D” document cited by the applicant in the international application “X” document of particular relevance; the claimed invention cannot be

“g» earlier application or patent but published on or after the international considered novel or cannot be considered to involve an inventive step
filing date when the document is taken alone

“L” document which may throw doubts on priority claim(s) or which is “Y> document of particular relevance; the claimed invention cannot be
cited to establish the publication date of another citation or other considered to involve an inventive step when the document is
special reason (as specified) combined with one or more other such documents, such combination

“0” document referring to an oral disclosure, use, exhibition or other being obvious to a person skilled in the art
means “&” document member of the same patent family

«p>” document published prior to the international filing date but later than
the priority date claimed

Date of the actual completion of the international search Date of mailing of the international search report
28 July 2023 01 August 2023
Name and mailing address of the ISA/KR Authorized officer
Korean Intellectual Property Office
189 Cheongsa-ro, Seo-gu, Daejeon JUNG, Jong Han
35208, Republic of Korea
Facsimile No. +82-42-481-8578 Telephone No. +82-42-481-5642

Form PCT/ISA/210 (second sheet) (July 2022)



INTERNATIONAL SEARCH REPORT

Information on patent family members

International application No.

PCT/US2023/018050

Patent document

Publication date

Patent family member(s)

Publication date

cited in search report (day/month/year) (day/month/year)

uUs 2020-0117146 Al 16 April 2020 EP 3309629 Al 18 April 2018
EP 3309629 Bl 31 July 2019
EP 3499322 Al 19 June 2019
EP 3499322 Bl 26 August 2020
JP 2018-085719 A 31 May 2018
JP 2019-134456 A 08 August 2019
JP 6495409 B2 03 April 2019
JP 6743216 B2 19 August 2020
us 10539929 B2 21 January 2020
us 10725431 B2 28 July 2020
us 2018-101139 A1l 12 April 2018

uUs 2008-0042761 Al 21 February 2008 EP 1716642 A2 02 November 2006
EP 1716642 A4 25 March 2009
EP 1815588 A2 08 August 2007
EP 1815588 A4 03 March 2010
JP 2007-527994 A 04 October 2007
JP 2008-522411 A 26 June 2008
us 07102451 B2 05 September 2006
us 07323941 B1 29 January 2008
UsS 2005-0212607 Al 29 September 2005
WO 2005-081794 A2 09 September 2005
WO 2005-081794 A3 10 August 2006
WO 2006-073597 A2 13 July 2006
WO 2006-073597 A3 26 April 2007

uUs 10684591  B1 16 June 2020 None

uUs 10340658 Bl 02 July 2019 EP 3619581 A2 11 March 2020
EP 3619581 A4 23 December 2020
EP 3619581 Bl 29 June 2022
us 10535980 B2 14 January 2020
us 10535981 Bl 14 January 2020
us 2018-321641 Al 08 November 2018
WO 2019-032159 A2 14 February 2019
WO 2019-032159 A3 21 March 2019

uUs 2013-0003766 Al 03 January 2013 CN 104040808 A 10 September 2014
CN 104040808 B 16 November 2016
EP 2727197 A2 07 May 2014
EP 2727197 A4 31 August 2016
EP 2727197  BI 04 March 2020
JP 2014-523002 A 08 September 2014
JP 5998214 B2 28 September 2016
us 08831056 B2 09 September 2014
WO 2013-003859 A2 03 January 2013
WO 2013-003859 A3 18 April 2013

Form PCT/ISA/210 (patent family annex) (July 2022)




	Page 1 - front-page
	Page 2 - front-page
	Page 3 - description
	Page 4 - description
	Page 5 - description
	Page 6 - description
	Page 7 - description
	Page 8 - description
	Page 9 - description
	Page 10 - description
	Page 11 - description
	Page 12 - description
	Page 13 - description
	Page 14 - description
	Page 15 - claims
	Page 16 - claims
	Page 17 - claims
	Page 18 - claims
	Page 19 - claims
	Page 20 - claims
	Page 21 - drawings
	Page 22 - drawings
	Page 23 - drawings
	Page 24 - wo-search-report
	Page 25 - wo-search-report

