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The linewidth of external cavity diode lasers (ECDLs) is an increasingly important characteristic for
experiments in coherent optical communications and atomic physics. The Schawlow—Townes and
time-averaged linewidths depend on free parameters of the design, such as cavity length, power, and
grating characteristics. We show that the linewidth is also sensitive to the focus, set by the distance
between the laser and the collimating lens, due to the effect on the external cavity backcoupling efficiency.
By considering these factors, a simple ECDL can readily achieve linewidths below 100kHz © 2009

Optical Society of America
OCIS codes:  140.2020, 140.3410, 140.3600.

1. Introduction

The highly controllable emission properties of exter-
nal cavity diode lasers (ECDLs) make them an ideal
lasing source for many experiments in coherent
optical communications [1] and optical and atomic
physics [2-7]. ECDLs use frequency selective feed-
back to achieve both narrow linewidth and tunabil-
ity, typically with diffractive gratings in either the
Littrow [8-10] or the Littman—Metcalf configura-
tions [11,12]. There is extensive literature on ECDL
design, including early articles and reviews [4,13-
15], with attention to many different figures of merit
including the linewidth [3,5], passive stability [8],
tunability [3,16], simplicity of construction [9,17],
or compactness [8,9,17].

Linewidth is an increasingly important perfor-
mance metric, both the underlying Schawlow—
Townes width and the effective time-averaged width
broadened by technical noise. Applications in atomic
clocks, atomic coherence processes such as electro-
magnetically induced transparency, and new develop-
ments in coherent detection for ultrafast fiber-optic
communications [1] require passive laser linewidths
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well below 1 MHz Several studies have introduced
the important parameters and contributions
[2,18,19], noting that the inherent linewidth depends
on feedback from the external cavity. Experimental
investigations have addressed the effect of cavity
length [2,20], power [21,22], grating parameters
[23], and detuning of the external cavity mode relative
to the grating angle [24,25].

We show that the focus of the collimating lens af-
fects the efficiency of feedback from the external cav-
ity, and therefore the laser linewidth. Small and
otherwise not obvious changes to the lens focus
can have quite a significant effect on the linewidth
but are apparent only if the technical noise is small,
comparable to the intrinsic cavity linewidth. We de-
monstrate these effects using a simple ECDL design
[17] constructed from a commercial kinematic
mount, two piezoelectric actuators, and a mirror to
fix the output beam direction. With attention to
the linewidth-determining factors, including the fo-
cus, the time-averaged linewidth can be reduced to
less than 100 kHz.

2. External Cavity Diode Laser

We consider a generic grating—feedback system,
in particular the Littrow configuration shown
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schematically in Fig. 1. The discussion is also applic-
able to Littman—Metcalf lasers, and to ECDLs with
other forms of feedback such as transmissive grat-
ings and filters [26—29]. We used a simple laser based
on a previously published design; see Fig. 2 [9,17].
We further simplified the construction by replacing
the complex fold-mirror mount with a simple rotata-
ble mounting block screwed directly to the kinematic
mount, as shown.

The laser was constructed from a standard kine-
matic mount with a laser diode and aspheric colli-
mating lens (f =4.5mm, 0.55 NA) mounted in a
collimating tube fixed to the base of the kinematic
mount [30]. A gold-coated 1800 grooves/mm holo-
graphic diffraction grating, with a p-mode diffraction
efficiency of 25%, was attached at 45° to the tilting
face of the mount. A plane mirror was fixed on the
mount opposite the grating to reflect the output
beam and maintain a constant output beam direction
[17]. A piezoelectric stack actuator on the horizontal
axis of the grating pivot arm was used to vary the
frequency by 40 GHz over the 100V range of the
stack. A 1mm thick piezoelectric disk behind the
grating could be used for fast feedback control of
the cavity length to stabilize the laser frequency.

The laser assembly was attached to an aluminum
baseplate temperature-stabilized by a thermoelectric
cooler (TEC), with a thermistor sensor and negative
feedback PID temperature controller. The output
power for p-plane polarization was typically 50 mW
at 780nm using a 70mW diode. The wavelength
could be tuned discontinuously over a 10 nm range
by rotation of the grating alone and over a wider
range with suitable temperature adjustment. The la-
ser is relatively vibration insensitive because exter-
nal disturbances tend to be common mode, such that
the diode and grating vibrate together, with a com-
paratively slight effect on their separation.

3. Linewidth

For a bare semiconductor laser diode, the linewidth
results from a combination of contributions such as
laser gain and cavity losses, technical noise, and
drifts. It is generally assumed that the intrinsic line-
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Fig. 1. (Color online) Schematic of a Littrow configuration ECDL
showing the laser diode, collimating lens, diffraction grating, and
output beam. 0 is the Littrow angle, Ly, is the diode cavity length,
Ly is the external cavity length, d; is the distance from the diode
to the lens, and d, is the distance between the lens and the grating.
A single longitudinal cavity mode is selected by dispersive feed-
back from the grating.
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Fig. 2. (Color online) Littrow configured ECDL with a fixed out-
put beam direction, adapted with permission from C. J. Hawthorn,
K. P. Weber, and R. E. Scholten, Rev. Sci. Instrum. 72, 4477 (2001).
© 2001 American Institute of Physics.

width of an ECDL is small, 10 kHz or less, but effec-
tively much broader over normal measurement times
due to technical noise, e.g., a few megahertz over 1s.

The theoretical limit to laser linewidth Av is the
Schawlow—Townes width [18], modified to include
the linewidth enhancement factor (1 +qa?) that is
due to coupling between intensity and phase noise
in semiconductor diode lasers [2,19]:

 whuy, (Av)?(1+ a?)

Av P Nep, (1)

where hv,, is the photon energy in mode m, Ay, is the
cavity bandwidth, ng, is the number of spontaneous
photons in the mode, P,, is the power in the mode,
and a = An’/An” is the ratio of the real and imagin-
ary parts of the refractive index, where typically o ~
4-8 [2,19]. Above threshold, ny, — 1. The cavity
bandwidth is given by [2]

C
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where «;, is the internal diode transmission; we take
kz, = 1. The combined reflectivity of the cavity mir-
rors (or grating) is R4 = R1R4 for the bare diode rear
and front facets and R .4 = R1R, for the ECDL.

For typical parameters see Table 1. We found that
the bare diode linewidth is 5 MHz and the intrinsic
ECDL linewidth is approximately 30 kHz depending
on the assumed effective feedback from the grating.

4. Technical and Current Noise

For an ECDL, external noise sources such as thermal
and mechanical fluctuations broaden the time-
averaged effective linewidth to the extent that
changes to the intrinsic cavity-determined linewidth
are difficult to observe. Feedback stabilization tech-
niques [31-33] can be used to compensate such dis-
turbances, but perturb measurement of the intrinsic
cavity-determined linewidth. For our measurements
of the intrinsic linewidth, only passive isolation and
decoupling from the environment were used.



Table 1. Parameters for Calculating Av for a 780 nm AlGaAs
Diode that Operates in a Littrow Configured External Cavity ?

Parameter P Plane S Plane Short Focus
Lp, FSR 0.25mm, 170 GHz

np, a 3.6,7

Ly, FSR 15mm, 10 GHz

R, R, 0.85, 0.02

P, 40 mW

z (m) 2 2 0.3
R, 0.040 0.135 0.0012
Avy, (kHz) 36 27 110
Avg, (kHz) 47 29 102
Avg (kHz) 121 142 192

“The R, values take into account the backcoupling efficiency
for a diode output with an external beam waist position at z;
see Section 5. Auy, is calculated from Egs. (1) and (2) using the
cavity formed between the rear diode facet and the grating, and
then convolved with the Af = 25kHz resolution of the measure-
ment technique. Ayq, and Ayg are the Lorentzian and Gaussian
widths obtained by fitting the data in Fig. 4.

The diode is also sensitive to the injection current.
Resistive heating causes thermal expansion of the
diode, and the charge carrier density directly affects
the index of refraction; both affect the optical path
length, which then changes the longitudinal mode
frequency. The combined resistive and carrier
density sensitivity is around -3MHz/uA at low
frequencies [4,34].

To achieve 100 kHz linewidth, comparable to the
intrinsic ECDL linewidth, the current noise must
therefore be less than 30 nA (rms). Commercial dri-
vers typically contribute current noise with rms am-
plitudes of the order of several microamps over a
100kHz bandwidth, corresponding to linewidths of
several megahertz from the current noise alone.
Supplies based on batteries can provide some
improvement, but electrochemical batteries are gen-
erally electrically noisy in comparison with a well-
designed active feedback-regulated current supply
[35,36]. We found that, with a low-noise supply
[36] and simple acoustic isolation [37], the intrinsic
and technical noise components of the linewidth
could be adequately separated.

5. Gaussian Beam Backcoupling

Typically the collimation lens is adjusted to focus the
beam waist at some finite distance outside the exter-
nal cavity. The first-order diffracted beam does not
then perfectly focus back to the emitting region of
the laser diode. The backcoupled beam waist
radius w can be calculated as follows using standard
Gaussian beam propagation [38].

We begin with a Gaussian beam at the front exit
facet of the diode, propagate to the lens, through
the lens, then to the grating, and back. The emission
region dimensions are related to the divergence
angles specified by the diode manufacturer:
wo = A/ (70harr), where wq is the waist radius and
Onaye 1s the divergence half-angle. By use of ABCD
matrices the propagated Gaussian beam parameter

is given by

1 C(I()"‘FD
-1 - 3
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where g = izw2 /A is the initial complex Gaussian
beam parameter. Assuming the thin lens approxima-
tion, for our system we have

e ol=lo Y15 1o 1 1l (})

where f = 4.5mm is the lens focal length, d; is the
distance from the diode to the lens, and d, is the dis-
tance between the lens and the grating; see Fig. 1.
The final beam waist diameter can be found from

A 1
W= S ®)

The collimation lens is usually adjusted to obtain an
external beam waist at a large distance z from the
cavity, typically several meters. The distance dy
can then be estimated for a given z by solution of
the thin lens equation:

1 1 1

Figure 3 shows the calculated backcoupling effi-
ciency for each axis of an elliptical Gaussian beam
in a 780nm ECDL. The spot diameter at the laser
diode decreases with increasing focus distance z
and hence couples the diode and cavity more effec-
tively. The efficiency at a given focus distance also
increases if the focal length of the collimating lens
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Fig. 3. (Color online) Calculated ratio of source size to backre-
flected spot size for the two axes of an elliptical Gaussian beam
emitted from a 780nm ECDL with L.; = 20 mm. Also shown is
the total backreflected efficiency for the effective area of the
source. The source size is 4.2 um x 2.0 ym, calculated from the
divergence full angles specified by the diode manufacturer, 8°
and 17°.
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is reduced. The effect of the calculated backcoupling
losses can be included as efficiency # in the grating
reflectivity when calculating the linewidth from
Egs. (1) and (2): R; = 7R, and so Rt = nR1Rg; see
Table 1.

Examples of the measured linewidth are shown in
Fig. 4, where the measured linewidth decreases with
longer z, consistent with the calculated enhanced
feedback. However, a small spot size at the laser
diode demands more precise alignment and stability
of the diode, diffraction grating, and collimating lens,
such that the very small waist overlaps well with the
very small diode waveguide cross section. A laser
with perfectly collimated output is particularly sen-
sitive to vibration and thermal creep. We typically
collimate our ECDLs such that the beam waist is ap-
proximately 2m from the collimating lens. An alter-
native approach uses a cat’s-eye reflector, which is
both insensitive to vibration and perfectly collimated
for maximum optical feedback but is not compatible
with grating feedback [39,40].

6. Grating Parameters

Grating efficiency affects the cavity feedback and
hence linewidth [Eq. (2)], as shown by experiments

Relative power (5dB/div)

Short z
=102 kHz

93.0 93.5 94.5 94.0
Frequency (MHz)

Fig. 4. (Color online) Free-running laser linewidth measure-
ments of an ECDL operating in the p plane (top), s plane (middle),
and p plane with a short focal distance z (bottom). Linewidths were
measured using a self-heterodyne technique [41] with a 2km
length of multimode optical fiber giving a resolution limit of
Af = 25kHz. Measurememts were taken on an rf spectrum ana-
lyzer with a resolution bandwidth of 3 kHz averaging 40 sweeps
with a sweep time of 225 ms. Parameters for each ECDL configura-
tion are listed in Table 1. The ECDL output power was approxi-
mately five times greater for the p plane than for the s plane.
Lorentzian (I') fits excluded the central 1MHz and Gaussian
(FWHM) fits were to the central 1 MHz only.

6964 APPLIED OPTICS / Vol. 48, No. 36 / 20 December 2009

in which a 20% decrease in linewidth was observed
with a threefold increase in the first-order diffraction
reflectivity [23]. The grating efficiency can also be
varied by rotating the incident light polarization.
ECDLs are usually operated in a p-plane configura-
tion, with polarization parallel to the rulings on the
grating. The first-order diffraction is then relatively
weak to increase the useful directly reflected (nondif-
fracted) output power. Operating an ECDL instead in
an s-plane configuration increases the grating effi-
ciency and cavity feedback, reducing the linewidth
at the expense of output power. We measured the ef-
fect and show that, if technical noise is small, the
linewidth reduction can be substantial, as shown
in Fig. 4. The time-averaged laser linewidth was re-
duced consistently by 15%, and the intrinsic Lorent-
zian component by more than 30%, for an increase in
R, from 25% to 85%.

7. Discussion

In principle, the linewidth can be reduced by increas-
ing the feedback from the external cavity or by
increasing the cavity length. A short cavity is desir-
able to maximize the mode-hop-free scan range [13],
but this is gained at the expense of linewidth
[Eq. (2)]. The linewidth scales with 1/L2; in compar-
ison with the 1/L g scaling of the free spectral range
(FSR) so a small sacrifice in the FSR can be used to
gain a substantial reduction in the linewidth.

With a short cavity (15mm) and low efficiency p-
plane polarization grating configuration, we
achieved a linewidth of 140 kHz; see Fig. 4. The line
shape shows that technical noise was still a large
contribution, in particular the effects of external vi-
brations on the cavity length. The laser frequency
sensitivity to cavity length variations is 25 MHz/
nm for a 780nm diode, and so the external cavity
and in particular the grating mount must be rigid.
Alternatively, servo control feedback with an acoustic
bandwidth can dramatically reduce the effect of
low-frequency vibration. To differentiate between
current noise and acoustic disturbances, we actively
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Fig. 5. (Color online) Self-heterodyne laser linewidth measure-
ment with low-noise current supply [36], active frequency feedback
[36], and z=2m collimating focus distance. The inherent
resolution bandwidth limit of the measurement technique is
approximately 25 kHz



stabilized the cavity length using a saturated absorp-
tion atomic reference [36], with feedback bandwidth
of a few kilohertz; see Fig. 5. The linewidth was re-
duced to below 90kHz in comparison with the
Schawlow-Townes limit of 40kHz. The remaining
technical noise, contributing 50 kHz to the linewidth,
is consistent with an integrated current noise of
15nA (rms).

8. Conclusion

The instantaneous intrinsic diode laser linewidth is
given by Eq. (1). For many applications, such as laser
cooling and trapping of alkali atoms, a sufficiently
narrow linewidth (<300kHz) is easily accomplished
even with very short cavity lengths (15 mm). Often
the effects of changing cavity length or grating effi-
ciency are not clearly observed experimentally, be-
cause the linewidth is dominated by technical
noise, particularly electrical current noise. Using a
low-noise current source we were able to observe
the effects of varying the feedback on the intrinsic
laser linewidth.

Changing the polarization relative to the grating
reduced the linewidth but also reduced the available
output power from the laser. The external cavity
feedback was shown to strongly depend on the focus
of the laser collimation lens, and for a laser focused
2m outside the cavity, the effective backcoupling ef-
ficiency was found to be less than 20% of the feedback
efficiency typically quoted. These backcoupling
losses increase the linewidth, without changing the
output power. We found that the collimation should
be adjusted to a long but not infinite focus distance to
ensure good backcoupling efficiency while retaining
stable feedback and linewidth of the order
of 100 kHz.
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