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(57) Abstract: An optical and electronic feedback system can be used to significantly narrow the linewidth of distributed Bragg reflector
lasers (DBRs) by reducing the high-frequency noise in the laser spectrum. An optical feedback path reduces the high-frequency noise
of the laser. An electric-optic modulator placed inside of this feedback path applies electronic feedback with a very large bandwidth,
allowing for robust and stable locking to a reference cavity. In addition, the servo-electronic component greatly increases the long-
term stability of the laser locking to an external reference cavity, allowing for low noise, long-term operation of the laser. Specifically,
it suppresses the frequency noise spectral density and narrows the total linewidth from a free-running value of 100 kHz to 30 Hz.
The resulting modified DBR laser is both precise and stable and has applications in optical clocks, quantum information science, and

precision metrology.
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Semiconductor Laser with Intra-Cavity Electro-Optic Modulator

GOVERNMENT SUPPORT

[0001] This invention was made with Government support under Grant No. N0O0014-17-1-2254

awarded by the Office of Naval Research. The Government has certain rights in the invention.

BACKGROUND

[0002] Narrow linewidth tunable lasers are fundamental components to experiments involving
spectroscopy, cooling and trapping atoms, and quantum information science where they are often
used to address atomic and molecular energy transitions. Since their introduction in the 1960s,
diode laser systems have been consistently space-efficient and cost-effective tools for such
experimentation. However, their intrinsic linewidths normally range from hundreds of megahertz
to a few gigahertz, limiting their applications in precision spectroscopy and the control of narrow

atomic transitions.

[0003] Some of the first efforts to narrow the linewidths of diode lasers yielded extended cavity
diode lasers (ECDLs), distributed Bragg reflector (DBR) lasers, and fiber lasers. In general,
ECDLs narrow the linewidth of a diode laser by using a diffraction grating to create an external
cavity that amplifies a precise and stable wavelength of light. Linewidth reduction has also been
demonstrated with feedback from a resonator as well as in distributed feedback (DFB) and DBR
lasers. Adding passive external fiber optical feedback to a DBR laser yields sub-kilohertz linewidth
narrowing in DBR lasers and traditional ECDLs. Active mechanisms for noise reduction in diode
lasers include servo-electronic-based stabilization to a high-finesse ultra-stable cavity or
Michelson interferometer, but the finite bandwidth of electrical feedback to the diode current or

temperature makes it difficult to reduce high frequency noise.

SUMMARY

[0004] Embodiments of the present technology include methods of stabilizing semiconductor
lasers. An example method includes emitting a laser beam from a semiconductor laser;

transmitting the laser beam through an optical isolator; generating a feedback signal from a first
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portion of the laser beam transmitted through the optical isolator; modulating a second portion of
the laser beam transmitted through the optical isolator with the feedback signal; and feeding the
second portion of the laser beam into the semiconductor laser, e.g., through a reject port of the

optical isolator, so as to narrow a linewidth of the laser beam.

[0005] Generating the feedback signal may include modulating the first portion of the laser beam
with a local oscillator; coupling the first portion of the laser beam into a reference cavity; detecting
light coupled out of the reference cavity with a photodetector in optical communication with the
reference cavity; and processing a photodetector signal produced by the photodetector in response
to detecting the light coupled out of the reference cavity to yield the feedback signal. If so,
processing the photodetector signal can comprise mixing the photodetector signal with the local
oscillator to yield a dispersion signal; integrating a first copy of the dispersion signal; amplifying
a second copy of the dispersion signal; and combining the first copy of the dispersion signal and

the second copy of the dispersion signal to produce the feedback signal.

[0006] Modulating the second portion of the laser beam can include transmitting the second
portion of the laser beam through an external cavity having a free spectral range of at least 100
MHz. It can also include modulating the second portion of the laser beam over a bandwidth of at

least 150 MHz, e.g., with an electro-optic phase modulator.

[0007] In some cases, a circulator couples the laser beam from the semiconductor laser to the
optical isolator. In these cases, the second portion of the laser beam is fed into the semiconductor

laser through the circulator.

[0008] Another example of the present technology is a laser system that includes a semiconductor
laser, an optical isolator in optical communication with the semiconductor laser, a first modulator
in optical communication with the optical isolator, a reference cavity in optical communication
with the first modulator, a photodetector in optical communication with the reference cavity,
locking circuitry operably coupled to the photodetector, a second modulator in optical
communication with the optical isolator and operably coupled to the locking circuitry, and at least
one beam-directing element in optical communication with the modulator. In operation, the
semiconductor laser emits a laser beam. The optical isolator prevents the laser beam from
reflecting back toward the semiconductor laser. The first modulator modulates a first portion of

the laser beam with a local oscillator, and the reference cavity reflects the first portion of the laser
2
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beam. The photodetector generates a photodetector signal in response to the first portion of the
laser beam reflected by the reference cavity. The locking circuitry generates a feedback signal
from the photodetector signal. The second modulator modulates a second portion of the laser beam
with the feedback signal. And the beam-directing element directs the second portion of the laser

beam into the semiconductor laser so as to stabilize a frequency of the laser beam.

[0009] The locking circuitry may include a mixer operably coupled to the photodetector, a
feedback circuit operably coupled to the mixer, and an amplifier operably coupled to the mixer. In
operation, the mixer mixes the photodetector signal with the local oscillator so as to produce a
dispersion signal. The feedback circuit integrates a first copy of the dispersion signal. And the

amplifier amplifies a second copy of the dispersion signal.

[0010] The second modulator may be disposed in an external cavity having a free spectral range
of at least 100 MHz. It may be an electro-optic phase modulator, e.g., with a modulation bandwidth

of at least 150 MHz.

[0011] The beam-directing element may direct the second portion of the laser beam into the
semiconductor laser via a reject port of the optical isolator. It may also comprise a circulator, in
optical communication with the semiconductor laser, the optical isolator, and the modulator, that
directs the laser beam from the semiconductor laser to the optical isolator and directs the second

portion of the laser beam from the modulator to the semiconductor laser.

[0012] In some cases, the laser system comprises optical fiber to guide the laser beam among the
semiconductor laser, the optical isolator, the first modulator, the reference cavity, the

photodetector, the second modulator, and/or the at least one beam-directing element.

[0013] Yetanother example of the present technology is a laser system with a semiconductor laser,
an optical isolator in optical communication with the semiconductor laser, at least one beam splitter
in optical communication with the semiconductor laser, a Pound-Drever-Hall locking circuit in
optical communication with the beam splitter, an external cavity in optical communication with
the beam splitter and a reject port of the optical isolator, and an electro-optic phase modulator
disposed in the external cavity and operably coupled to the Pound-Drever-Hall locking circuit. In
operation, the semiconductor laser emits a laser beam. The optical isolator prevents the laser beam

from reflecting back towards the semiconductor laser. The beam splitter splits the laser beam into
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at least a first portion, a second portion, and a third portion. The Pound-Drever-Hall locking circuit
generates a feedback signal from the first portion of the laser beam. The external cavity couples
the second portion into the semiconductor laser via the reject port of the external cavity. And the
electro-optic phase modulator modulates the second portion with the feedback signal so as to

narrow a linewidth of the third portion.

[0014] The external cavity may have has a free spectral range of at least 100 MHz. The electro-
optic phase modulator may have a modulation bandwidth of at least about 150 MHz. And the third

portion may have a linewidth of less than about 30 Hz.

[0015] All combinations of the foregoing concepts and additional concepts discussed in greater
detail below (provided such concepts are not mutually inconsistent) are part of the inventive
subject matter disclosed herein. In particular, all combinations of claimed subject matter appearing
at the end of this disclosure are part of the inventive subject matter disclosed herein. The
terminology used herein that also may appear in any disclosure incorporated by reference should

be accorded a meaning most consistent with the particular concepts disclosed herein.

BRIEF DESCRIPTIONS OF THE DRAWINGS

[0016] The skilled artisan will understand that the drawings primarily are for illustrative purposes
and are not intended to limit the scope of the inventive subject matter described herein. The
drawings are not necessarily to scale; in some instances, various aspects of the inventive subject
matter disclosed herein may be shown exaggerated or enlarged in the drawings to facilitate an
understanding of different features. In the drawings, like reference characters generally refer to

like features (e.g., functionally similar and/or structurally similar elements).

[0017] FIG. 1 illustrates a laser system with a DBR laser stabilized using an intra-cavity electro-

optic modulator.

[0018] FIG. 2 illustrates an all-fiber laser system with a fiber-coupled DBR laser stabilized using

a fiber-coupled intra-cavity electro-optic modulator.

[0019] FIG. 3 is a plot of open-loop gain (upper traces) and phase (lower traces) of the feedback
loop of the laser shown in FIG. 1. In the legend, “with” indicates that the switch directly routing
the PDH error signal to the fast amplifier in FIG. 1 is closed.
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[0020] FIG. 4 is a plot of the frequency noise spectrum of the laser shown in FIG. 1.

DETAILED DESCRIPTION

[0021] The inventors have recognized a desire in atomic, molecular, and optical physics for a laser
with low levels of high (e.g., ~1 MHz) and low (e.g., ~1 mHz) frequency noise at operating
wavelengths where fiber lasers, which typically have <1 Hz intrinsic linewidth, are not typically
available. These operating wavelengths include wavelengths less than 1030 nm, between 1100 nm
and 1530 nm, between 1620 nm and 1750 nm, and greater than 2100 nm. This frequency noise
performance can be achieved by suppressing the high frequency noise of a distributed Bragg
reflector (DBR) laser through tunable optical feedback using an electro-optic modulator (EOM) in
an external-cavity feedback path with a carefully chosen response. This allows for feedback

control over several free-spectral ranges (FSRs) of the external cavity.

[0022] A servo-electronic feedback system, which includes a separate reference cavity, controls
low frequency noise. The servo-electronic feedback system also includes a lockbox or feedback
circuit that drives the EOM in the external cavity. This servo-electronic feedback system maintains
laser lock for on the order of hours, sufficiently longer than most experiment run-times. The system
can be used as a master laser for an optical trap for ytterbium (Yb) atoms, where the exceedingly

low frequency and amplitude noise levels translate to longer lifetimes of atoms in the lattice.

[0023] Inventive lasers combine passive and active linewidth narrowing schemes with a simple
and robust approach to simultaneously narrow and stabilize the frequency of a DBR laser by
placing an EOM within a long external feedback path. While other stabilization systems for fiber
lasers have included an intra-cavity EOM, similar attempts for DBR or DFB lasers utilize confocal,
whispering gallery, or fiber Fabry-Perot cavities. Compared to these other system, a system with
an intra-cavity EOM and optical feedback for a DBR laser has a higher bandwidth and is

experimentally useful.

A DFB Laser with External Feedback for Narrow Linewidth
[0024] FIG. 1 shows an inventive narrow-linewidth laser system 100 with a semiconductor laser
102, such as a DBR or DFB laser, and an intra-cavity EOM 132 in an external cavity 130 whose

free spectral range (FSR) is larger than the laser’s unstabilized linewidth. In operation, the laser
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102 emits a laser beam 101 that is collimated with a collimator 104, expanded with an anamorphic
prism pair 106, and passed through a 40 dB optical isolator 110 comprising a first polarizing beam

splitter (PBS) 108, Faraday rotator 113, half wave plate (HWP) 112, and a second PBS 114.

[0025] A beam sampler 116 picks off ~4% of the beam power as a feedback beam 111 that is sent
through a fiber coupler to the intra-cavity EOM 132 and then back into the laser beam path as
optical feedback, described in greater detail below. The rest of the laser beam 101 propagates
through another optical isolator 118, through another HWP 120, to a third PBS 122. The HWP 120
can be used to adjust the power ratio of the beams emitted by the third PBS 122. The third PBS
122 transmits part of the laser beam 101 to the laser output and couples another part the laser beam

101 to a Pound-Drever-Hall (PDH) locking circuit 150 as a reference beam 121.

[0026] The PDH locking circuit 150 uses the reference beam 121 to generate a feedback signal for
stabilizing the laser system 100 as follows. The reference beam 121 propagates through a HWP
124 into a reference EOM 140 and from there through a HWP 142 and PBS 144 for power ratio
adjustment and into a high-finesse (e.g., with a linewidth of 1 kHz to 1 MHz), ultrastable reference
cavity 146. Light coupled out of the ultrastable reference cavity 146 reflects off the PBS 144 to an
avalanche photodiode (APD) 148. The EOM 140 modulates the reference beam 121 with a 24
MHz local oscillator (LO) signal from an LO 156, producing a radio-frequency signal measured
by the APD 148. An amplifier 152 amplifies the APD output, which is then mixed with the LO
signal by a mixer 154 to produce an intermediate-frequency (IF) dispersion signal used for PDH
locking. This PDH, or “direct feedback,” signal is combined with a lockbox signal from a low
frequency-proportional-integral (PI) servo-loop feedback circuit 158 through a fast amplifier 160
that includes two single-pole, low-pass filters each with a -3 dB frequency of 1.4 kHz and differing
gain responses. (Without low-pass filtering, the fast amplifier’s bandwidth is at least 10 MHz.)
The amplifier 160 has a direct current (DC) gain of 40 dB for the direct feedback signal and unity
gain for the lockbox signal. The fast amplifier’s output drives the intra-cavity EOM 132.

[0027] The intra-cavity EOM 132 is in the external cavity 130 and modulates the phase of the

feedback beam 111 with the output of the fast amplifier 160. The phase-modulated output of the

intra-cavity EOM 132 propagates through a neutral density filter 136 (e.g., with an optical density

of 1.0) and another HWP 134, which respectively reduce and allow for the adjustment of the optical

feedback power from the intra-cavity EOM 132. A photodiode 138 at one port of the second PBS
6
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114 measures a portion of the feedback power. The second PBS 114 reflects another portion of the
feedback beam 111 back through the HWP 112, Faraday rotator 113, and first PBS 108 and into
the laser 102. Recalling that the first PBS 108, Faraday rotator 113, HWP 112, and second PBS
114 form the isolator 110, the feedback beam 111 propagates back through the isolator’s reject
port and into the laser 102, completing the feedback loop and resulting in the open-loop gains

shown 1n FIG. 3.

[0028] This setup allows for a maximum ratio of optical feedback power to total laser power (after
the anamorphic prism pair 106) of —29.5 dB. This feedback power ratio remains relatively constant
for long enough to allow laser stabilization in the long run. Feedback power ratios greater than —
35 dB induce coherence collapse and multi-mode behavior in the laser; ratios between —37 dB and
—35 dB may render the laser 102 unstable enough to fall into coherence collapse when disturbed
by mechanical vibrations, and power ratios less than —49 dB do not improve laser linewidth. The
measurements shown in FIGS. 3 and 4 were made with feedback powers between —47 and —35 dB

and operate the laser for long-term locking with feedback power near —39 dB.

[0029] Locking the laser 102 to the ultrastable reference cavity 146 reduces the noise spectrum of
the laser 102 from a free-running value of 10 kHz to 30 Hz (the laser linewidth without optical
feedback is about 1 MHz). The lock remains stable for extended periods of time, e.g., several
hours. This stability is due part to the fact that the total bandwidth of the feedback loop (the external
cavity 130, PDH locking circuit 150, amplifiers, and intra-cavity EOM 132) is smaller than the
linewidth of laser 102. This makes it possible to stabilize the laser frequency and narrow the laser’s
output spectrum. . In the example shown in FIG. 1, the external cavity’s total path length includes
about 1 m of optical fiber and an additional free-space path length and corresponds to a free
spectral range (FSR) of 100 MHz. Other external cavities may have FSRs of 10 MHz to 1 GHz,
depending on the intrinsic linewidth of the laser 102. A longer external cavities (e.g., a 30 m long
cavity with an FSR =10 MHz) should give even better frequency narrowing, at the cost of stability.
Conversely, short external cavity (e.g., a 30 cm long cavity with an FSR = 1 GHz) should be
exceedingly robust, but may be difficult to integrate the fiber EOM into it.

[0030] The intra-cavity EOM 132 has a modulation bandwidth of about 150 MHz, which is greater
than the 100 MHz FSR of the external cavity 130. Other modulation bandwidths are also possible;

for example, modulation bandwidths greater than 1 MHz may be adequate for many situations.

7
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Due to the short fiber length and large FSR of the optical feedback fiber loop (external cavity) 130,
the laser 102 can be swept over roughly three FSRs, enabling long-term locking to the reference
cavity 146 on the order of two hours. The EOM also has a relatively high impedance (e.g., 10,000
ohms), which makes it possible to apply several times the half-wave voltage, V=, for tuning the

total feedback phase by several waves.

[0031] In the system 100 shown in FIG. 1, the actual locking bandwidth is only around 50 kHz,
limited by the locking electronics (servoelectronics 158) in the feedback circuit 150. The laser
linewidth is suppressed when the feedback bandwidth is greater than the intrinsic laser linewidth
(i.e., the linewidth after the optical feedback is considered). In this example, the intrinsic laser

linewidth is around 10 kHz, which is why locking narrows the linewidth to only 30 Hz.

An All-Fiber DFB Laser with External Feedback for Robustness and Narrow Linewidth

[0032] The laser system 100 in FIG. 1 includes several free-space paths that can be replaced with
fiber-optic paths to create an “all-fiber” laser system 200 as shown in FIG. 2. This all-fiber laser
system 200 can be more compact, more mechanically robust, and easier to isolate from
environmental vibrations and thermal fluctuations than a system with free-space paths. It is
especially attractive for commercialization, as it can be constructed from off-the-shelf components

without any risk of misalignment by the end user.

[0033] FIG. 2 shows that the all-fiber laser system 200 includes a fiber-coupled semiconductor
diode laser 202 whose output is coupled directly into Port 2 of a 2-stage, S0 dB return loss
circulator 214. The output from Port 3 of the circulator 214 then goes into an additional 30 dB
isolator 210 to prevent any reflections from propagating back into the laser 202. A fiber coupler
216 splits the laser beam, with the main 90% output going to an amplification and locking stage

(not shown) like the feedback circuit 150 shown in FIG. 1.

[0034] The other 10% of the light from the fiber coupler 216 goes to an external cavity 230. A
variable optical attenuator 234 (e.g., with an attenuation between 3 and 25 dB) in the external
cavity 230 attenuates the beam, which is split again by a second fiber-coupled splitter 236. One of
the outputs of this second splitter 236 goes to a feedback power monitoring photodiode 238, while
the other output goes into a fiber-coupled intra-cavity EOM 232. A feedback signal from the
amplification and locking stage drives the intra-cavity EOM 232, which modulates the phase of

the laser beam to compensate frequency noise in the laser’s output. Finally, the output of the intra-
8
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cavity EOM 232 is coupled to Port 1 of the optical circulator 214, injecting some of the light
modulated by the intra-cavity EOM 232 back into the laser 202, and producing the desired line

narrowing as explained above.

[0035] With the setup shown in FIG. 2, taking into account insertion losses, the feedback power
may range from —26 to —48 dB using the 90% output port of the second splitter 236, or —36 to —58
dB with the 10% port. The optical path length of the external cavity 230, with careful fiber splicing,
may be about 20 cm for each segment in the feedback path, for a total fiber length of 2 m, which
corresponds to a 100 MHz FSR. This is well within the realm of previous demonstrations of fiber
feedback lasers and smaller than the intra-cavity EOM’s bandwidth. With the intra-cavity EOM
232 and the optical feedback, a lock to a narrow reference cavity of 10 kHz linewidth can easily

a linewidth of 1 Hz or less for the laser system 200.

Laser Noise Measurements

[0036] The performance of the laser system 100 shown in FIG. 1 can be characterized by sending
part of the laser system’s output through another fiber-coupled EOM. If the reference beam 121 in
FIG. 1 1s locked to a first axis of the ultrastable reference cavity 146, the EOM’s modulation
frequency can be fixed to have a laser sideband resonant with another axis of the ultrastable
reference cavity 146 or to another reference cavity. The modulation frequency of this other EOM
1s fixed such that the laser sideband is on the slope of this second resonance, so that frequency
noise is converted efficiently to intensity noise. A DC-coupled APD with a 20 MHz bandwidth
detects the transmission of this laser sideband by the cavity 146. A spectrum analyzer coupled to
the APD measures the intensity noise in the APD output. This measured intensity noise is
converted to frequency noise by a separately measured factor determined from the transmission

voltage vs. frequency detuning from the resonance of the second axis of the reference cavity 146.

[0037] FIG. 3 is a plot of open-loop gain in decibels (upper traces) and phase in degrees (lower
traces) versus frequency for the laser system 100 of FIG. 1, with and without the direct feedback
signal from the fast amplifier 160 driving the intra-cavity EOM 132. Phase-modulating a feedback
beam with the direct feedback signal reduces the open-loop gain and phase over a band from about

250 Hz to about 40 kHz.

[0038] FIG. 4 shows the laser frequency noise spectrum for the laser system 100 of FIG. 1 as

converted from the APD’s output voltage using the linewidth of the cavity 146 and the amplitude
9
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of the transmission. This type of curve is described in Domenico, G. D., Schilt, S., and Thomann,
P., “Simple approach to the relation between laser frequency noise and laser line shape,” Appl.
Opt. 49, 4801 (2010), which is incorporated herein by reference. Looking at the intersection of the
curve with the frequency noise spectrum of the laser provides an indication of the linewidth of the

laser.

[0039] FIG. 4 also shows the noise floor and laser intensity noise. The noise spectra span a
frequency range of 200 Hz < f < 1 MHz with and without the direct feedback signal from the fast
amplifier 160 driving the intra-cavity EOM 132. The direct feedback effectively suppresses noise
for 3 kHz < f < 200 kHz and pushes the servo bump frequency out from 60 kHz to 500 kHz,
consistent with the 8 increase in the feedback bandwidth. The lock bandwidth is limited by delays
in the feedback loop, which leaves room for further optimization. Measurements of the noise floor

and laser intensity noise confirm that the measured signal is due to frequency noise.

[0040] The laser linewidth can be estimated from the noise spectral density through the technique
outlined in G. D. Domenico, S. Schilt, and P. Thomann, Applied Optics 49, 4801 (2010) (cited
above). When the noise level is large compared to the frequency of the noise, the frequency
modulation caused by the noise has a higher amplitude modulation index closer to the center
frequency, thus contributing to the linewidth of the laser line-shape. However, when the noise level
is small in comparison to the frequency, the modulation index is small and farther from the center
frequency, affecting mainly the wings of the laser line shape. Specifically, the noise spectrum can
be divided into two regions: (1) the high modulation index region where S,,(f) > 8{n(2)f/n? and
(2) the low modulation index region where S,,(f) < 8In(2)f/n?, where S, is the noise spectral

density as a function of frequency f, leading to the equation:
I, = ./8In(2)4,

where A is the area under the high modulation index region.

[0041] Except for the large peak at 2.7 kHz, the laser noise spectrum in FIG. 4 is flat over the
entire frequency range of 200 Hz < f < 100 kHz and is consistent with a linewidth of 30 Hz. This
extremely narrow spectrum is attained despite the 1.4 MHz width of the reference cavity and points

the way toward simple and robust lasers with small linewidths at any wavelength attainable with

10
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DFB technology. Choosing a reference cavity with a narrower linewidth could result in an even

narrower laser linewidth.

Conclusion

[0042] While various inventive embodiments have been described and illustrated herein, those of
ordinary skill in the art will readily envision a variety of other means and/or structures for
performing the function and/or obtaining the results and/or one or more of the advantages
described herein, and each of such variations and/or modifications is deemed to be within the scope
of the inventive embodiments described herein. More generally, those skilled in the art will readily
appreciate that all parameters, dimensions, materials, and configurations described herein are
meant to be exemplary and that the actual parameters, dimensions, materials, and/or configurations
will depend upon the specific application or applications for which the inventive teachings is/are
used. Those skilled in the art will recognize, or be able to ascertain using no more than routine
experimentation, many equivalents to the specific inventive embodiments described herein. It is,
therefore, to be understood that the foregoing embodiments are presented by way of example only
and that, within the scope of the appended claims and equivalents thereto, inventive embodiments
may be practiced otherwise than as specifically described and claimed. Inventive embodiments of
the present disclosure are directed to each individual feature, system, article, material, kit, and/or
method described herein. In addition, any combination of two or more such features, systems,
articles, materials, kits, and/or methods, if such features, systems, articles, materials, kits, and/or
methods are not mutually inconsistent, is included within the inventive scope of the present

disclosure.

[0043] Also, various inventive concepts may be embodied as one or more methods, of which an
example has been provided. The acts performed as part of the method may be ordered in any
suitable way. Accordingly, embodiments may be constructed in which acts are performed in an
order different than illustrated, which may include performing some acts simultaneously, even

though shown as sequential acts in illustrative embodiments.

[0044] All definitions, as defined and used herein, should be understood to control over dictionary
definitions, definitions in documents incorporated by reference, and/or ordinary meanings of the

defined terms.
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[0045] The indefinite articles “a” and “an,” as used herein in the specification and in the claims,

unless clearly indicated to the contrary, should be understood to mean “at least one.”

[0046] The phrase “and/or,” as used herein in the specification and in the claims, should be
understood to mean “either or both” of the elements so conjoined, i.e., elements that are
conjunctively present in some cases and disjunctively present in other cases. Multiple elements
listed with “and/or” should be construed in the same fashion, 1.e., “one or more” of the elements
so conjoined. Other elements may optionally be present other than the elements specifically
identified by the “and/or” clause, whether related or unrelated to those elements specifically
identified. Thus, as a non-limiting example, a reference to “A and/or B”, when used in conjunction
with open-ended language such as “comprising” can refer, in one embodiment, to A only
(optionally including elements other than B); in another embodiment, to B only (optionally
including elements other than A); in yet another embodiment, to both A and B (optionally

including other elements); etc.

[0047] As used herein in the specification and in the claims, “or” should be understood to have
the same meaning as “and/or” as defined above. For example, when separating items in a list, “or”
or “and/or” shall be interpreted as being inclusive, i.e., the inclusion of at least one, but also
including more than one, of a number or list of elements, and, optionally, additional unlisted items.
Only terms clearly indicated to the contrary, such as “only one of” or “exactly one of,” or, when
used in the claims, “consisting of,” will refer to the inclusion of exactly one element of a number
or list of elements. In general, the term “or” as used herein shall only be interpreted as indicating
exclusive alternatives (i.e. “one or the other but not both”) when preceded by terms of exclusivity,

2 <¢

such as “either,” “one of,” “only one of,” or “exactly one of.” “Consisting essentially of,” when

used in the claims, shall have its ordinary meaning as used in the field of patent law.

[0048] As used herein in the specification and in the claims, the phrase “at least one,” in reference
to a list of one or more elements, should be understood to mean at least one element selected from
any one or more of the elements in the list of elements, but not necessarily including at least one
of each and every element specifically listed within the list of elements and not excluding any
combinations of elements in the list of elements. This definition also allows that elements may
optionally be present other than the elements specifically identified within the list of elements to
which the phrase “at least one” refers, whether related or unrelated to those elements specifically

12
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identified. Thus, as a non-limiting example, “at least one of A and B” (or, equivalently, “at least
one of A or B,” or, equivalently “at least one of A and/or B”) can refer, in one embodiment, to at
least one, optionally including more than one, A, with no B present (and optionally including
elements other than B); in another embodiment, to at least one, optionally including more than
one, B, with no A present (and optionally including elements other than A); in yet another
embodiment, to at least one, optionally including more than one, A, and at least one, optionally

including more than one, B (and optionally including other elements); etc.

[0049] In the claims, as well as in the specification above, all transitional phrases such as
“comprising,” “including,” “carrying,” “having,” “containing,” “involving,” “holding,”
“composed of,” and the like are to be understood to be open-ended, i.e., to mean including but not
limited to. Only the transitional phrases “consisting of” and “consisting essentially of” shall be
closed or semi-closed transitional phrases, respectively, as set forth in the United States Patent

Office Manual of Patent Examining Procedures, Section 2111.03.
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CLAIMS

1. A method comprising:

emitting a laser beam from a semiconductor laser;

transmitting the laser beam through an optical isolator;

generating a feedback signal from a first portion of the laser beam transmitted through the
optical isolator;

modulating a second portion of the laser beam transmitted through the optical isolator
with the feedback signal; and

feeding the second portion of the laser beam into the semiconductor laser so as to narrow

a linewidth of the laser beam.

2. The method of claim 1, wherein generating the feedback signal comprises:

modulating the first portion of the laser beam with a local oscillator;

coupling the first portion of the laser beam into a reference cavity;

detecting light coupled out of the reference cavity with a photodetector in optical
communication with the reference cavity; and

processing a photodetector signal produced by the photodetector in response to detecting

the light coupled out of the reference cavity to yield the feedback signal.

3. The method of claim 2, wherein processing the photodetector signal comprises:
mixing the photodetector signal with the local oscillator to yield a dispersion signal;
integrating a first copy of the dispersion signal,
amplifying a second copy of the dispersion signal; and
combining the first copy of the dispersion signal and the second copy of the dispersion

signal to produce the feedback signal.

4. The method of claim 1, wherein modulating the second portion of the laser beam
comprises transmitting the second portion of the laser beam through an external cavity having a

free spectral range of at least 100 MHz.
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S. The method of claim 1, wherein modulating the second portion of the laser beam
comprises modulating the second portion of the laser beam over a bandwidth of at least 150

MHz.

6. The method of claim 1, wherein modulating the second portion of the laser beam
comprises modulating the second portion of the laser beam with an electro-optic phase

modulator.

7. The method of claim 1, wherein feeding the second portion of the laser beam into the
semiconductor laser comprises transmitting the second portion of the laser beam through a reject

port of the optical isolator.

8. The method of claim 1, further comprising:

coupling the laser beam from the semiconductor laser to the optical isolator via a
circulator, and

wherein feeding the second portion of the laser beam into the semiconductor laser

comprises coupling the second portion of the laser beam through the circulator.

9. A laser system comprising:

a semiconductor laser to emit a laser beam;

an optical isolator, in optical communication with the semiconductor laser, to prevent the
laser beam from reflecting back toward the semiconductor laser;

a first modulator, in optical communication with the optical isolator, to modulate a first
portion of the laser beam with a local oscillator;

a reference cavity, in optical communication with the first modulator, to reflect the first
portion of the laser beam;

a photodetector, in optical communication with the reference cavity, to generate a
photodetector signal in response to the first portion of the laser beam reflected by the reference
cavity;

locking circuitry, operably coupled to the photodetector, to generate a feedback signal

from the photodetector signal;
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a second modulator, in optical communication with the optical isolator and operably
coupled to the locking circuitry, to modulate a second portion of the laser beam with the
feedback signal; and

at least one beam-directing element, in optical communication with the modulator, to
direct the second portion of the laser beam into the semiconductor laser so as to stabilize a

frequency of the laser beam.

10. The laser system of claim 9, wherein the locking circuitry comprises:
a mixer, operably coupled to the photodetector, to mix the photodetector signal with the
local oscillator so as to produce a dispersion signal;
a feedback circuit, operably coupled to the mixer, to integrate a first copy of the
dispersion signal; and
an amplifier, operably coupled to the mixer, to amplify a second copy of the dispersion

signal.

11. The laser system of claim 9, wherein the second modulator is disposed in an external

cavity having a free spectral range of at least 100 MHz.

12. The laser system of claim 9, wherein the second modulator comprises an electro-optic

phase modulator.

13. The laser system of claim 9, wherein the second modulator has a modulation bandwidth

of at least 150 MHz.

14. The laser system of claim 9, wherein the beam-directing element is configured to direct
the second portion of the laser beam into the semiconductor laser via a reject port of the optical

1solator.

15. The laser system of claim 9, wherein the beam-directing element comprises a circulator,
in optical communication with the semiconductor laser, the optical isolator, and the modulator, to
direct the laser beam from the semiconductor laser to the optical isolator and to direct the second

portion of the laser beam from the modulator to the semiconductor laser.
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16. The laser system of claim 9, further comprising optical fiber to guide the laser beam
among the semiconductor laser, the optical isolator, the first modulator, the reference cavity, the

photodetector, the second modulator, and/or the at least one beam-directing element.

17. A laser system comprising:

a semiconductor laser to emit a laser beam;

an optical isolator, in optical communication with the semiconductor laser, to prevent the
laser beam from reflecting back towards the semiconductor laser;

at least one beam splitter, in optical communication with the semiconductor laser, to split
the laser beam into at least a first portion, a second portion, and a third portion;

a Pound-Drever-Hall locking circuit, in optical communication with the at least one beam
splitter, to generate a feedback signal from the first portion of the laser beam;

an external cavity, in optical communication with the at least one beam splitter and a
reject port of the optical isolator, to couple the second portion into the semiconductor laser via
the reject port of the external cavity; and

an electro-optic phase modulator, disposed in the external cavity and operably coupled to
the Pound-Drever-Hall locking circuit, to modulate the second portion with the feedback signal

so as to narrow a linewidth of the third portion.

18. The laser system of claim 17, wherein the external cavity has a free spectral range of at

least 100 MHz.

19. The laser system of claim 17, wherein the electro-optic phase modulator has a modulation

bandwidth of at least about 150 MHz.

20. The laser system of claim 17, wherein the third portion has a linewidth of less than about

30 Hz.
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