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Abstract

Linewidth variations within an external-cavity mode of a grating-cavity laser were measured with high accuracy

using the self-homodyne technique with a short delay line. To our knowledge, this is the first time that these variations

have been accurately measured. In our laser, we observed the linewidth to change by a factor of five from 30 kHz to

more than 150 kHz when the laser was tuned over a single external-cavity mode. A simple model based on a linear

relationship between the chirp reduction factor and the frequency tuning of the laser is used to describe the re-

sults. � 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

External-cavity lasers (ECLs) with optical
feedback from a diffraction grating are commonly
used in applications requiring stable and narrow
linewidths. Such uses for ECLs are found, e.g., in
the fields of precision metrology, high-resolution
spectroscopy, or atomic physics. In these applica-
tions, accurate knowledge and characterization of
the spectral coherence properties of the laser
source are of great importance.

The operation characteristics of an ECL depend
on the strength of the optical feedback. When the
reflection from the grating is clearly stronger than
that from the front facet of the laser diode, the
ECL is said to operate under strong optical feed-
back. This operation mode allows drastic reduc-
tion of the linewidth and results in an extended
tuning range compared with schemes using weaker
optical feedback. The linewidth of the ECL ex-
hibits a strong dependence on the relative detuning
between the oscillation frequency and the fre-
quency of the solitary diode laser mode [1]. In the
case of strong optical feedback, the ECL does not
necessarily oscillate at a frequency, which coin-
cides with the peak of the grating reflection spec-
trum, as is usually assumed. The dependence of the
oscillation frequency on the various gain and loss

15 March 2002

Optics Communications 203 (2002) 295–300

www.elsevier.com/locate/optcom

*Corresponding author. Tel.: +358-9-451-2268; fax: +358-9-

451-2222.

E-mail address: goery.genty@hut.fi (G. Genty).

0030-4018/02/$ - see front matter � 2002 Elsevier Science B.V. All rights reserved.

PII: S0030-4018 (02 )01106-9



mechanisms in the laser is complicated. We have in
an earlier paper [2] shown that the behavior of the
linewidth should depend also on the fine-tuning of
the grating dispersion curve relative to the Fabry–
P�eerot modes of the external cavity. In this paper,
we investigate experimentally the dependence of
the linewidth on this parameter using the modified
self-homodyne technique with a short delay fiber
[3] for the linewidth measurements. To our
knowledge, this is the first time that measurements
of the linewidth with high accuracy are performed
while tuning the laser frequency within an exter-
nal-cavity mode. A simple model based on a two-
mirror laser structure is applied to describe the
results.

2. Experiments

Our ECL includes a GaAlAs diode laser with a
high-reflection coating on the end facet (95%) and
an anti-reflection coating on the front facet (5%).
The output beam of the laser is directed through a
collimating lens to a holographic grating with 1800
lines/mm mounted in the Littrow configuration.
The optical feedback from the grating is approxi-
mately 25%. The length of the external cavity is 10
cm corresponding to a free spectral range (FSR) of
1.5 GHz. The laser operates at 780 nm with an
output power of 6.5 mW. The grating can be
translated and rotated using piezoelectric trans-
ducers (PZTs) [4].

The laser linewidth was measured by applying
the self-homodyne technique with a delay line
shorter than the coherence length of the laser. Fig. 1
shows an outline of the experimental setup. A pair
of anamorphic prisms reshapes the output beam of
the ECL into a circular form. To reduce reflections
back to the ECL, a 40 dB isolator was inserted in
the beam. A Fabry–P�eerot interferometer with a
free spectral range of 2 GHz monitors the laser
output. An afocal collimating system allows effi-
cient coupling of the output beam of the laser into
the fiber-based self-homodyne interferometer. We
used 50/50 fiber couplers optimized for 780 nm to
build up the interferometer. The delay fiber is 60 m
long, producing a time delay of s ¼ 0:3 ls. The
beat signal was detected with a fast photodiode

and amplified. The spectrum of the photodetected
current depends critically on the biasing of the
interferometer. Since the biasing is difficult to
control in practice, a phase modulator was in-
serted in one arm of the interferometer, to aver-
age out the dependence on the biasing point [3].

The method of homodyne detection with a short
delay line effectively filters out the 1=f noise and
gives the pure Lorentzian component of the line-
width [3]. Assuming white noise the power spec-
trum of the photodetected current is given by [5]
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where m is frequency, b the amplitude ratio be-
tween the interfering fields, and Dm the full-width
at half-maximum of the Lorentzian laser line. The
scaling factor B in the AC-part of the spectrum is
due to the limited bandwidth of the measuring
system, which in our setup was set to 30 kHz.

The linewidth of the ECL was measured as a
function of the tuning of the grating orientation
over a range corresponding to a 9 GHz change of
the oscillation frequency of the laser. The grating
was rotated by displacing one of the PZTs. The
homodyne spectra were recorded in steps of de-
tuning of 100 MHz, which corresponds to the

Fig. 1. Linewidth measurement setup. G: grating, L: lens, LD:

laser diode, APP: anamorphic prism pair, BS: beam splitter, M:

mirror, FC: fiber collimator, FP: Fabry–P�eerot interferometer,

PM: phase modulator, OSA: optical spectrum analyzer, RFSA:

RF spectrum analyzer.

296 G. Genty et al. / Optics Communications 203 (2002) 295–300



smallest displacement of the grating that could be
achieved in a reproducible fashion. The conversion
of the PZT voltage to the tuning of the laser fre-
quency was deduced from the known 2 GHz FSR
of the Fabry–P�eerot interferometer. To keep the
signal above the noise level of 70 dB of the de-
tection system, the measurement span of the RF
spectrum analyzer was set to 50 MHz.

Keeping the linewidth as a free parameter, a
theoretical spectrum based on the white noise
model for the phase fluctuations of the laser (see
Eq. (1)) was fitted to the measured data using a
least-squares method [4]. The error in the linewidth
determination was estimated to be smaller than 5
kHz. The evolution of the power spectrum corre-
sponding to a continuous frequency tuning of 1.5
GHz is shown in Fig. 2. For clarity, only three
spectra are plotted. The oscillation period in the
spectra is equal to 3.4 MHz which corresponds to
1=s, in agreement with Eq. (1). The spectrum
drawn with a solid line corresponds to an oscilla-
tion frequency at which the linewidth reaches its
lowest value (28 kHz). A detuning of the ECL
from this frequency induces a change in the am-
plitude of the oscillations of the spectrum and the
Lorentzian envelope broadens. For a detuning of
the oscillation frequency of the laser by the FSR of
the external cavity, the spectrum returns back to

its original form. The periodicity of the spectrum,
with a period corresponding to the mode structure
of the external cavity, shows evidence of the de-
pendency of the linewidth on the relative detuning
between the grating dispersion curve and the lasing
external-cavity mode.

The linewidth variation versus the shift of the
oscillation frequency within four external-cavity
modes is plotted in Fig. 3. The linewidth behavior
follows the mode structure of the external cavity
and shows substantial variations within one ex-
ternal-cavity mode. The linewidth can vary by as
much as 150 kHz over a detuning range of 1.8
GHz, which was measured to be the frequency
interval between the hops of the external-cavity
mode. This is more than the nominal value for the
FSR of the external cavity. We attribute the dis-
crepancy to the uncertainty of the conversion of
the PZT voltage to frequency detuning and to the
fact that the rotation of the grating is actually
coupled to a small translation resulting in a small
change in the length of the external cavity.

3. Analysis

We consider an ECL configuration of the type
depicted in Fig. 4. Here a diode laser, represented

Fig. 2. Power spectrum evolution corresponding to a 1.5 GHz continuous frequency tuning of the external cavity. Only three spectra

are plotted for clarity.

G. Genty et al. / Optics Communications 203 (2002) 295–300 297



by an active medium in a short optical cavity with
plane mirrors, is coupled to a much longer ex-
ternal cavity having a frequency selective and
tunable end-reflector. The amplitude reflectivities
of the diode facets are r1 and r2 and that of the
external reflector at the oscillation frequency x,
including all external losses, is r3ðxÞ. The lengths
of the internal diode laser cavity and the external
cavity are Ld and Le, respectively, and the index of
refraction of the active medium is nd. The round-
trip times of photons inside the internal and the
external cavity are sd ¼ 2ndLd=c and se ¼ 2Le=c,
respectively, with c being the velocity of light in
vacuum.

This coupled-cavity configuration may be con-
veniently analyzed as a simple two-mirror laser
structure by replacing the end-facet reflectivity r2
of the diode laser by a complex-valued effective
amplitude reflection coefficient reff , which takes
into account the effects of both r2 and r3ðxÞ. By

keeping the r2-surface as a reference plane, reffðxÞ
takes the form [6]

reffðxÞ ¼ r2 þ r3ðxÞejxse

1þ r2r3ðxÞejxse
: ð2Þ

At threshold, the condition for oscillation of the
coupled-cavity laser is [7]

r1eðgth�amÞLdejxsdreffðxÞ ¼ 1; ð3Þ

where gth is the threshold gain and am represents
the modal loss. This gives two coupled equations
from which the steady-state values of the threshold
gain and the oscillation frequency of the laser may
be obtained:

gth � am ¼ � 1

Ld

lnðr1jreffðxÞjÞ; ð4aÞ

x � xq ¼ � 1

sd
argðreffðxÞÞ; ð4bÞ

with xq ¼ 2pq=sd being the frequency of the
qth longitudinal mode of the solitary diode laser
cavity.

By taking into account the spectral dependence
of the refractive index, the oscillation frequency
can be obtained by solving the following equation
[2]

x � xq0 ¼
1

sd0
½�arg reffðxÞð Þ þ aLd gthð � gth0Þ�;

ð5Þ
where a is the linewidth enhancement factor [8].
Here the subscript 0 refers to the values of the
parameters in the case of no optical feed-
back.

The variations in the frequency of the solitary
diode laser and the frequency of the coupled-cavity
laser are related to each other via the chirp re-
duction factor defined as [9]

Fig. 4. Coupled-cavity model.

Fig. 3. Variations of the linewidth of an ECL measured over

four external-cavity modes. The measured data are marked with

black squares. The fitting of the linewidth variations using Eq.

(8) is represented by solid lines. The value used for K1 is 30.5 for

all four modes.
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The coupling to an external cavity will make the
linewidth of the coupled-cavity laser, Dm, to be
proportional to the inverse of the square of the
chirp reduction factor [9], i.e.,

Dm ¼ Dm0
F 2

: ð7Þ

Here Dm0 is the linewidth of the qth longitudinal
mode of the solitary diode laser without the optical
feedback. For small detunings of the grating, i.e.,
frequency tuning within one external-cavity mode,
the second term in Eq. (6) remains essentially
constant. From Eq. (4a), it can be noticed that the
last term in Eq. (6) is proportional to the derivative
of the threshold gain with respect to the oscillation
frequency. Using the parameters of our grating-
cavity and taking the spectral dependence of the
grating reflectivity into account [2], the threshold
gain versus the frequency detuning is plotted in
Fig. 5. The laser operates at the lowest values of
the threshold gain [10] at the region where the
profile is nearly parabolic. Consequently, the de-
rivative of the threshold gain with respect to the
frequency for the region of operation, approxi-

mately delimited by the dotted lines in Fig. 5, is
quasi-linear. In this approximation, the chirp re-
duction factor has therefore two components: one
is constant and the other is linearly proportional to
the detuning of the oscillation frequency. Within
one external-cavity mode the F-factor can thus be
approximated by

F ¼ K1 þ K2Dx; ð8Þ
where K1 and K2 are constants and Dx is the fre-
quency detuning. It should be noted that a trans-
lation of the grating affects the free spectral range
of the external-cavity modes and, consequently,
extends the tuning range within one external-cav-
ity mode as is observed in the measurements. Eq.
(8) is still a valid approximation when a translation
is coupled to the rotation of the grating. This just
results in a smaller value for K2 compared with the
case of pure rotation.

Eq. (8) was fitted to the linewidth data of the
four measured external-cavity modes, using a
measured value of 20 MHz for Dm0. The result of
the fit is shown in Fig. 3 as solid lines. The aver-
aged value of K2 over the four modes was
10:6 GHz�1 and it was used for all the plots. The
overall agreement between the fit and the data is
good. For our particular cavity, when the fre-
quency of the laser is tuned over one external-
cavity mode, the fitted value of F varies from 30.5
to 10.6 corresponding to the lowest and highest
measured values of the linewidth, respectively.

4. Conclusion

The linewidth dependence of a grating-cavity
laser on the detuning of the grating dispersion
curve relative to the external-cavity modes was
investigated. Applying the modified self-homo-
dyne technique, we measured with high accuracy
the linewidth variations within the external-cavity
mode structure. The linewidth was found to
change in our particular laser by as much as 150
kHz within one external-cavity mode. A simple
model could reproduce the variations of the line-
width with tuning of the oscillation frequency of
the laser. Such variations of the linewidth within
one external-cavity mode are minimized, if the

Fig. 5. Simulated threshold gain as a function of the frequency

detuning for a particular grating position. The spectral width of

the gaussian reflection curve of the grating is assumed to be 100

GHz (FWHM) and the maximum reflectivity r3 ¼
ffiffiffiffiffiffiffiffiffi
0:25

p
. The

laser operates at the lowest values of the threshold gain.
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rotation of the grating is coupled to a translation
in a very accurate fashion, so that the laser always
operates at the same value of the threshold gain
when the oscillation frequency is tuned. However,
this accurate coupling is difficult to achieve in
practice and a small mismatch may result in a
substantial variation of the laser linewidth. This
may affect the measurements performed in high-
resolution applications.
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