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We report on a simple, compact, and robust 780 nm distributed Bragg reflector laser with subkilohertz intrinsic
linewidth. An external cavity with optical path length of 3.6 m, implemented with an optical fiber, reduces the
laser frequency noise by several orders of magnitude. At frequencies above 100 kHz the frequency noise spectral
density is reduced by over 33 dB, resulting in an intrinsic Lorentzian linewidth of 300 Hz. The remaining low-
frequency noise is easily removed by stabilization to an external reference cavity. We further characterize the in-
fluence of feedback power and current variation on the intrinsic linewidth. The system is suitable for experiments
requiring a tunable laser with narrow linewidth and low high-frequency noise, such as coherent optical commu-
nication, optical clocks, and cavity QED experiments. © 2012 Optical Society of America
OCIS codes: 140.3425, 140.2020, 140.4780.

Highly stabilized and ultranarrow-linewidth lasers are
important for applications in atomic physics, quantum
measurement, and quantum information science. The
traditional extended-cavity diode lasers (ECDLs) [1]
and distributed Bragg reflector (DBR) lasers have typical
linewidths of a few hundred kilohertz to a few ten mega-
hertz, and specially fabricated DBR lasers have achieved
an intrinsic linewidth of a few kilohertz [2,3]. Optical feed-
back froma resonator [4] is a commonapproach to reduce
the linewidth of an ECDL, and recent systems [5–7] have
demonstrated linewidth narrowing down to 7 kHz. Other
linewidth narrowing schemes, such as active electronic
stabilization to a high-finesse, ultrastable vertical cavity
[8,9], or an all-fiber Michelson interferometer [10], have
achieved subhertz linewidth. However, due to finite loop
gain at high frequencies, the high-frequency noise is
usually not substantially reduced using those active stabi-
lization methods. This may be detrimental in some appli-
cations, such as cavity sideband cooling [11,12], cavity
spin squeezing [13], and other cavity QED applications
[14], as well as coherent optical communication [15].
In this Letter, we present a tunable, long-external-

cavity DBR laser with a 3000-fold reduction of its intrin-
sic linewidth to 300 Hz. This is achieved by implementing
a 3.6 m long external cavity using an optical fiber. The
system exhibits noise suppression of over 33 dB at fre-
quencies of 100 kHz and above. Low-frequency noise due
to mechanical or thermal fluctuations in the feedback
path can be controlled by stabilizing the laser to a refer-
ence cavity using an active servo loop. Feedback-induced
mode instability [16] is avoided by operating within a
13 dB wide range of feedback power.
We use a 780 nm DBR laser (Photodigm

PH780DBR120T8-S) with 120 mW maximum output
power as our source. The laser diode has a front facet
reflectivity close to 1%, effective gain region length of
1.8 mm, and DBR reflectivity of 60% (all values are nom-
inal values provided by manufacturer). The diode is tem-
perature stabilized to slightly below room temperature.
Throughout our measurements, we operated the laser

at 100 mA (16 mW total output power). A beam splitter
deflects 10% of the laser power into a 2 m long polariza-
tion-maintaining optical fiber that constitutes the feed-
back path (Fig. 1). An aperture is added before the
angled fiber to block unwanted backreflection from the
fiber tip. A mirror mounted on a piezoelectric transducer
(PZT) reflects the light back into the fiber, and a quarter-
wave plate in combination with a polarizing beam splitter
is used to adjust the feedback power. A maximum
−30 dB fractional power can be reflected back into the
laser. (Henceforth we denote the fractional feedback
power incident on the laser collimator as p, which may
be less than the fractional power that is mode matched
into the active region of the laser diode.) The external-
cavity laser is set up on a 1200 × 1800 aluminum baseplate
and enclosed by a plastic case to reduce environmental
perturbations.

In general, the effect of external cavity optical feed-
back depends on the feedback power, cavity length, and
the phase of the feedback light, as summarized by Tkach

Fig. 1. Schematic setup for the long-external-cavity laser and
the frequency noise characterization. M, mirror; AP, aperture;
PM fiber, polarization-maintaining fiber; QWP, quarter-wave
plate; BS, beam splitter; PBS, polarization beam splitter;
APD, avalanche photodiode; PZT, piezoelectric transducer.
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and Chraplyvy [16]. Stable, narrow-linewidth operation
of a DBR laser with optical feedback is only possible over
a certain range of feedback power. At a fixed cavity
length, three regimes of operation are observed as the
fractional feedback power p is varied from −65 dB to
−30 dB. The feedback phase is adjusted by moving the
mirror M1 (Fig. 1) with the PZT.

• Significant line broadening is observed for
p < −64 dB. For −64 dB < p < −49 dB and at certain
feedback phases, the laser jumps at a rate over 1 kHz
between two adjacent external cavity modes separated
by 42 MHz.

• For −49 dB < p < −40 dB, stable single-mode op-
eration is maintained for all feedback phases. −40 dB to
−36 dB defines a transition between two regimes where
multimode operation occurs occasionally but quickly
converges to a single mode. Weak sidebands at adjacent
external cavity modes with over 25 dB suppression from
the carrier were observed.

• For −35 dB < p < −31 dB, intermittent multimode
operation starts to appear as the feedback phase is var-
ied, and bi-stable operation with the laser jumping slowly
(<1 Hz) between nonadjacent external cavity modes
separated by as much as 0.5 GHz is also observed. Never-
theless, it is still possible to maintain single-mode opera-
tion once the laser is frequency locked to some other
reference, since the feedback phase is then stabilized.
For p > −31 dB, multimode operation becomes domi-
nant, and single-mode operation can only be achieved
by increasing p from a lower level carefully while control-
ling the feedback phase.

To measure the laser’s frequency noise spectrum, we
locked the laser to the half-transmission of a Fabry–Perot
cavity with a free spectral range of 1.5 GHz and linewidth
of 4.0(2) MHz. The cavity transmission slope is used to
convert power noisemeasuredwith a fast photodiode into
frequency noise density Sν�f �. Stable locking achieved
with a 15 kHz bandwidth feedback loop to the external-
cavity PZT maintains a constant frequency-to-power con-
version ratio. Since the lock bandwidth is low, the noise
spectrum above a few ten kilohertz directly reflects the
effect of optical feedback. At sufficiently high noise fre-
quencies, Sν�f � becomes independent of frequency with
a level of S0, corresponding to a laser emission spectrum
with Lorentzian wings whose equivalent intrinsic line-
width Δν can be calculated using [17]

Δν � πS2
0: (1)

Wemeasured the noise spectrum from 10 kHz to 1 MHz
for the long-cavity laser as well as the DBR laser without
optical feedback. As shown in Fig. 2, the white noise
S0 starts at 300–400 kHz for the bare DBR laser. For
the long-cavity laser with cavity length D � 3.6 m, sup-
pression of over 30 dB due to optical feedback was ob-
served for both the Lorentzian and the non-Lorentzian
parts of the spectrum. A minimum intrinsic linewidth
Δν � 0.29�5� kHz is achieved at p � −31 dB, exhibiting
a 3000-fold reduction in intrinsic linewidth compared
to the bare laser. To verify the expected inverse quadratic
dependence of Δν on the external cavity length [18], we

also set up a short-external-cavity laser using the same
laser with cavity length d � 16.5�5� cm and operated it
at the same laser current and feedback power as the long-
external-cavity laser. The linewidth ratio for the two cav-
ity lasers of Δνd∕ΔνD � 25�1� dB is very close to the
predicted value [18] �D∕d�2 � 26.8�1� dB.

The dependence of the intrinsic linewidth Δν on the
fractional feedback power p at fixed current, and on a
variation in current at fixed feedback power is shown
in Fig. 3. In general, a higher p produces better noise sup-
pression but makes the laser more susceptible to operat-
ing multimode. We found that for p � −36 dB the noise
density is only 3 dB higher than the minimum value
(Fig. 3), but the laser remains stable, and frequency sta-
bilization to an external reference can be easily achieved.
At fixed p and external cavity lengthD, the current can be
tuned over a limited range (≈250 μA) while the laser re-
mains on the same mode. For p � −39 dB, it is observed
that when decreasing the current, Δν will increase gra-
dually until the laser jumps to an adjacent external cavity
mode. On the contrary, when increasing the laser cur-
rent, a flat response inΔν is followed by a sudden change
into multimode oscillation. Thus, as long as one locks the
laser close to the center of the flat response region, a
�50 μA current change can be tolerated without signifi-
cant changes in Δν.

To tune the laser to a target frequency, one first
changes the current at fixed cavity length, corresponding
to the laser jumping over adjacent external cavity modes,
until the mode closest to the target frequency is reached.
Then the cavity length is tuned to change the laser

Fig. 2. Laser frequency noise spectral density for different set-
ups. From top to bottom: bare DBR laser, short-external-cavity
laser, long-external-cavity laser, and measurement noise floor.
The feedback power is −31 dB for both external cavities. The
white-noise level S0 at high frequency determines the intrinsic
linewidth Δν according to Eq. (1).

Fig. 3. The dependence of intrinsic laser linewidthΔν on frac-
tional feedback power p (left) and on laser current near the
operation point at p � −39 dB and I0 � 100 mA (right).
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frequency continuously to the exact target frequency. Fi-
nally, the laser current is fine adjusted to obtain optimal
linewidth narrowing. Mode-hop free tuning over 700 MHz
(more than 16 external cavity modes) can also be
achieved by scanning the PZT and laser current simulta-
neously at an appropriate ratio. This tuning range was
limited by the maximum stroke of our PZT. The optimal
narrowing condition can generally be maintained during
the scan, but may be limited by the nonlinearity of the
PZT response.
Optical feedback reduces the high-frequency noise,

but servo feedback is necessary to suppress the low-
frequency noise that is dominated by thermal and acous-
tic noise in the fiber. The free running laser exhibits a
frequency stability of ≈600 kHz over 20 ms and ≈3 MHz
over 1 s as measured relative to a reference laser locked
to an 87Rb atomic transition. To demonstrate frequency
stabilization at the subkilohertz level, we locked the laser
to a cavity with finesse F � 2.3�2� × 104 (linewidth δνc �
120�10� kHz) with 5 μW incident power and p � −36 dB
using the Pound–Drever–Hall technique [19]. The feed-
back loop includes a low-bandwidth feedback path to
the PZT and an ac coupled, high-bandwidth (2 MHz) path
to the laser current. The sideband frequency is chosen at
59.2 MHz to prevent the up-converted modulation signal
from triggering adjacent external cavity modes at integer
multiples of 42 MHz. An rms frequency error of 0.65
(5) kHz relative to the reference cavity was calculated
from the error signal in a 50 kHz bandwidth.
In conclusion, we have built a subkilohertz, tunable

DBR laser in a compact long-external-cavity setup by
fiber-coupling the feedback light. A 35 dB reduction in
the high-frequency noise was demonstrated. Different
regimes of operation under varied levels of feedback
power were characterized and are in agreement with pre-
vious results [16]. We have investigated the linewidth and
mode stability as a function of feedback power and laser
current variation. Owing to its low cost, ease of alignment
and robust performance, we believe the system can be
used for a wide range of high-precision and ultra-low-
noise experiments.
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