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An absorption-line-locked fiber laser based on the selection and conversion of a gas absorption line into
a highly stable intracavity transmission narrowband filter is demonstrated. The laser has attractive
properties for gas-sensing applications due to its frequency stability and multiwavelength selection
capability. © 2007 Optical Society of America
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1. Introduction

The development of laser sources with highly stabi-
lized emission wavelength to be used in gas-sensing
applications is of major interest for applications such
as breath diagnostics, process and air quality, or at-
mospheric pollution monitoring [1,2]. In general, the
high power emitted by laser sources, as well as their
narrow linewidth and reliability, make them the
ideal sources for those applications. However, envi-
ronmental spectral sensitivity demands the imple-
mentation of active wavelength-locking schemes to
ensure the stability necessary to provide proper spe-
cies selectivity.

The simplest frequency stabilization technique con-
sists in isolating the laser cavity from environment
influence, the most critical being temperature-induced
fluctuations. Other techniques of frequency stabiliza-
tion are based on using a saturated absorption-line
component [3], another laser [4], or a cavity [5] as
frequency references. Alternative methods such as
phase-locking schemes [6], spectral hole burning [7], or
Zeeman effects [8] have also been proposed to stabilize
the laser output at a certain frequency. Pursuing the
same objective, Kim et al. proposed the introduction of
a Mach–Zehnder interferometer in the cavity of the
laser [9].

Michelson interferometer configurations have been
widely used in sensing applications [10], interroga-

tion systems [11], or telecommunications devices [12].
This interferometric configuration can also be used
for the fabrication of optical filters. Bilodeau et al.
proposed a narrowband all-fiber bandpass transmis-
sion filter by interfering light reflected from identical
gratings placed in each arm [13].

In this paper an absorption-line-locked fiber laser
based on the use of a gas absorption line combined
with a Michelson configuration is proposed. The de-
vice converts a given gas absorption line into a highly
stabilized intracavity filter to define the emission
wavelength of the laser source. The inherent low
temperature dependence of gas absorption lines al-
lows the implementation of low power consumption
and compact passive systems while ensuring the
frequency stability required for gas-sensing applica-
tions. By taking advantage of inherent low tempera-
ture dependence of the gas absorption line, the
proposed concept should allow frequency stability in
the range of 1 part in 108.

2. Wavelength Selection Concept

The principle behind the wavelength stabilization is
to select and convert a given gas absorption line into
a highly stable transmission filter. To achieve such a
feature, a fiber-coupled gas cell containing the rele-
vant mixture is inserted into one arm of a balanced
and stabilized Michelson interferometer as shown
in Fig. 1. In general, when light from a broadband
source is launched into an exactly balanced inter-
ferometer, then one output port sees totally con-
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structive interference, while the other sees totally
destructive interference regardless of wavelength.
The insertion of the gas cell in one arm of the inter-
ferometer leads to the absorption of part of the light,
giving rise to spectrally different signals on both
arms of the interferometer. The absence of selectively
absorbed light in the arm that contains the gas cell
prevents interference in such a spectral band, so cor-
responding light coming from the other arm can
never be canceled. In this way, the gas absorption
band is effectively converted into a transmission
band. It must be emphasized that this conversion is
effective even if the interferometer is not exactly bal-
anced, since it is only necessary to ensure that the
interference fringe spectral period is large when com-
pared with the absorption bandwidth. The selection
of the output port where the absorption feature is
effectively converted into a transmission narrowband
line is set by ensuring destructive interference at that
output. This can be achieved by acting differentially
on the interferometer arms so that the interfering
signals are in-phase or out-of-phase.

Important factors in the design of this line-locked
filter are the light power balance on both arms and
the isolation level of the absorption line that is intro-
duced in one of the arms. Simulations were done in
order to understand the spectral response of the fil-
ter addressing different design conditions. Figure 2
shows the most relevant filter design conditions, evi-
dencing the spectral power density in each arm prior
to the interference at the coupler (left) and the spec-
tral response of the Michelson interferometer for in-
phase and out-of-phase interference (right). Case (a)
simulates the optimum design condition in which
both arms have exactly the same power balance and
the absorption line has 100% isolation level. When
in-phase interference occurs, the corresponding out-
put replicates the spectral power density of the light
source besides the Lamb dip associated with the ab-

sorption line (Fig. 2(a): in-phase interference). In
the conditions of out-of-phase interference, the out-
put is limited to the light that does not interfere due
to the absorption line (Fig. 2(a): out-of-phase inter-
ference). In a practical implementation it is necessary
to evaluate the effect of power unbalance both due to
the coupler spectral response and the insertion losses
in the gas cell. Moreover, each line is characterized by
a particular absorption cross section that results in
an effective round-trip absorption ratio that depar-
tures from 100% extinction. Power unbalance results
in a pedestal in the spectral response of the filter for
the out-of-phase interference condition and a peak
height ratio reduction for the in-phase condition. The
unabsorbed light produces a power gap between the
in-phase and out-of-phase responses. The conjunction
of both of these effects is shown in Fig. 2(b), where
both arms have different power balance and the ab-
sorption line has an isolation level of 50%. As can be
seen, the intensity power decreases and a power gap
between in-phase and out-of-phase interference cases
appears.

3. Experimental Filter Response

The setup shown in Fig. 1 was used for the imple-
mentation of the proposed absorption-line-locked
fiber transmission filter concept. An erbium-doped
broadband optical source (BBOS) and an acetylene
gas cell were used for demonstration purposes. The
spectral response of the acetylene gas cell is shown in
Fig. 3. It can be noticed that the spectrum has several
absorption lines with different isolation levels at dif-
ferent wavelengths. This feature enables a flexible
selection of one of multiple absorption lines to define
a specific wavelength transmission filter through
the use of wavelength-selective mirrors in the arms
of the Michelson interferometer, e.g., fiber Bragg
gratings (FBGs) or thin film mirrors. In the present
demonstration, silver-based reflection coatings were

Fig. 1. Absorption-line-locked fiber filter configuration.
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deposited at both fiber ends with approximately 85%
reflectivity, being a FBG, with a center wavelength at
1535.3 nm, used as the laser wavelength-selective
output coupler. The center wavelength of this Bragg
grating was chosen in order to overlap one of the
absorption lines of the acetylene gas cell. To avoid
thermal-induced Bragg wavelength drift, proper FBG
protection was implemented. Practical system imple-
mentation can take advantage of commercially avail-
able passive athermal FBG packaging.

Two fiber stretchers were used in the setup shown
in Fig. 1, one of them based on a manual translation

stage and the other consisting of a piezoelectric
transducer (PZT) controlled by a high voltage power
supply. This assembly allows the effective control of
the path imbalance between both arms of the inter-
ferometer not only to achieve proper balancing but
also to adjust the interferometric phase. A polariza-
tion controller was introduced in one of the arms in
order to optimize fringe visibility. In a practical
system, this can be avoided by inserting Faraday
rotator mirrors in the arms of the Michelson inter-
ferometer [14].

Fig. 4. In-phase and out-of-phase output of the absorption-line-
locked filter measured with an OSA.

Fig. 2. Simulation of the absorption-line-locked fiber filter spectral response for (a) optimum design and (b) practical conditions. (left)
Spectral power density prior to interference at the coupler. (right) Interference signals for in-phase and out-of-phase cases.

Fig. 3. Absorption spectra of the acetylene gas cell.
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Figure 4 shows the spectral response of the filter
for in-phase and out-of-phase interference conditions
measured with an optical spectrum analyzer (OSA)
with 15 pm resolution at the output port. Noticeable
is a pedestal at destructive interference conditions
caused by the unbalanced power in both arms of the
interferometer. This problem arises from fiber cou-
pling loss in the gas cell, a coupler spectral response,
and different splicing losses when connecting all the
elements of the filter. On the other hand, an expected
power gap between the in-phase and out-of-phase
interferences is also observed. This power gap is be-
cause the acetylene gas cell has a maximum of 48% of
isolation level (see Fig. 3). This behavior was already
predicted in Fig. 2(b).

Path fluctuations between both arms of the inter-
ferometer arise mainly from environmentally induced
temperature drift in the arms of the interferometer. A
digital servo system (Fig. 1) was introduced in the
system to compensate this effect: The optical power
at the output of the interferometer is measured with
a photodetector, digitalized, and acquired through a

standard data acquisition board; any deviation from
the locking value is then computed and integrated at
software level to define an error signal that is applied
to the PZT fiber stretcher to control the path imbal-
ance. It must be emphasized that the frequency-
locking mechanism is completely passive, this servo
being used only for power stabilization purposes.

Figure 5 shows the locking voltage signal for de-
structive and constructive interference conditions.
These locking conditions are difficult to achieve with
the simple homodyne servo system implemented be-
cause they correspond to the edges of the interferom-
eter transfer function. In the inset of Fig. 5, it is
possible to observe the effect on the detector signal of
a transition from a fluctuating situation to a locked
condition achieved when the servo system is acti-
vated. The visibility of the interferometer was exper-
imentally determined to be �90%.

The power unbalance between the two arms of the
interferometer was estimated experimentally to be
�80% by consecutively canceling light in each arm.
Using this value, the spectral responses of the gas cell
and the broadband source emulated from experimen-
tal data, it is possible to calculate the theoretical
spectral response at the output of the interferometer.
The computed interference signal is shown in Fig. 6
for both for in-phase and out-of-phase interference
conditions.

Figure 7 compares this theoretical result with ex-
perimental data. From this figure, it is possible to
conclude that the experimental results are in good
agreement with the theoretical model predicted for
the line-locked filter. In forthcoming sections this fil-
ter will be used as the key element in the configura-
tion of a frequency-stabilized fiber laser.

4. Absorption-Line-Locked Fiber Laser Configuration

Figure 8 shows the proposed absorption-line-locked
fiber laser configuration. The line cavity is formed by
the absorption fiber filter presented in previous sec-
tions, 35 m of erbium-doped fiber (EDF), a wave-

Fig. 5. Detector voltage output for in-phase and out-of-phase
locking conditions. (inset) Servo off and on.

Fig. 6. Theoretical in-phase and out-of-phase interference.

Fig. 7. Comparison between theoretical and experimental results
for destructive interference.
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length division multiplexer for pumping light into the
EDF, a FBG with 80% reflectivity, and an isolator to
prevent backward reflections.

In a first stage, both arms of the interferometer
side of the in-line cavity are balanced to the same
length with the help of the manual translation stage
and the loop control that uses the power coming out
from output 3 (see Fig. 8). This procedure is the same
as the one explained before, where any deviation from
the locked voltage is taken as an error signal, which
is applied to the PZT fiber stretcher.

To assure an appropriate behavior of the locked
laser, the out-of-phase interference signal from the
interferometer should travel through the in-line cav-
ity. By closing the loop with the voltage output from
port 2 (see Fig. 8), the servo control signal can be set
for maximum or minimum output voltages (Fig. 9). In
this case, the maximum output voltage of the loop
corresponds to introducing the in-phase interference
in the cavity, which is not desirable for the proper
working regime of the laser. On the other hand, the
minimum output voltage corresponds to introducing
the out-of-phase interference into the in-line cavity,
simultaneously allowing the selection of the emitting
frequency and the power output stabilization of the
in-line locked fiber laser. As can be seen, the mini-

mum voltage-locked position is much more stable
than the maximum voltage-locked position In fact,
this last regime, which corresponds to introducing
the in-phase interference in the in-line cavity, is very
unstable and therefore not desirable for a frequency-
stabilized laser.

The different voltage scales in Fig. 5 and Fig. 9 are
due to different photodetector amplifications of the
optical output. When the output voltage of port 2 is
used to close the loop, a small amplification is used
because of the laser’s higher output power, and there-
fore the voltage scale in the graphic is smaller.

It should also be mentioned that when the signal
obtained from output port 3 is used in the loop, from
the maximum and minimum lock voltage values it is
possible to determine the interferometer visibility.

The frequency stability of the locked laser depends
only on the stability of the absorption spectrum of the
gas cell. In general, gas absorption lines are used as
primary wavelength references, as they present very
low intrinsic drift. In this particular case, the acety-
lene gas cell used is insensitive to atmospheric pres-
sure or humidity variations and has a temperature
dependence lower than 0.01 pm�°C [15]. Therefore
the proposed laser configuration should be capable of
achieving frequency stability of the order of 1 MHz

Fig. 10. Output fiber laser at 1535.3 nm (solid curve), normalized
absorption spectrum of the acetylene gas cell (line) and reflection
spectrum of the Bragg grating (dot curve).

Fig. 8. Cavity configuration proposed for the absorption-line-locked fiber laser.

Fig. 9. Detector voltage output for locking conditions in output 2
(see Fig. 8).
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(1 part in 108). Further measurements should be ac-
complished in order to confirm this statement.

Figure 10 shows the output power at the locked
frequency for the maximum pump power of the pump
laser. It also shows the normalized absorption spec-
tra of the acetylene gas cell, and it can be observed
that the output linewidth is locked at the chosen
absorption line of the gas cell.

Figure 11 shows the frequency-stabilized laser out-
put power versus the pump power. Since the cavity
design was not optimized, the obtained efficiency was
low (0.1%), but for each power value, the frequency
and power remained constant over time.

The frequency and power stability behavior ob-
tained can be applied in many sensing applications,
e.g., the monitoring of different gases in the atmo-
sphere, as the absorption gas cell in the locked laser
can be changed within necessities.

5. Conclusion

In this work a passive absorption-line-locked fiber
transmission filter was demonstrated. The proposed
concept allows the selection and conversion of a given
gas absorption line into a highly stable transmission
filter. The demonstrated configuration based on an
acetylene gas cell allowed the implementation of a
multiwavelength transmission filter.

This transmission filter was exploited as an intra-
cavity element to define the emission wavelength of a
fiber laser source. This source could be used for gas
sensing applications. In this way a perfect match
between the laser emission wavelength and the gas
species is ensured without the need of any active

wavelength-locking schemes. A frequency stability of
1 part in 108 was achieved.
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