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Mid-Infrared Gas Sensor Based on Mutually
Injection Locked Quantum Cascade Lasers
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Abstract—We present experimental investigations of a novel
mid-infrared gas sensor relying on a laser system consisting of
two quantum cascade sources mutually coupled with each other.
The free-space path between the two lasers contains the sensing cell
which is filled with the gas of interest. This laser system proves to be
a very interesting dynamical system which can offer enhanced de-
tectivity when compared to a conventional direct absorption spec-
trometer utilizing a laser, the gas cell, and a detector. We present
comprehensive investigations of the operation regimes under which
the laser system behaves as an efficient sensor and demonstrate its
dependence on critical parameters such as the coupling strength
between the two lasers and their bias currents. The experimental
study is supported by numerical simulations, which provide a the-
oretical understanding of the underlying mechanisms. A six fold
improvement of the sensitivity in a N2 O absorption spectroscopy
experiment is demonstrated in comparison to a conventional direct
absorption spectrometer. This sensitivity improvement is exhibited
for a wide range of N2 O concentrations.

Index Terms—semiconductor lasers, optical injection, infrared
spectroscopy, Gas detectors.

I. INTRODUCTION

LASER spectrometers based on quantum and interband cas-
cade lasers (QCLs and ICLs) operating in the mid-infrared

(MIR) provide an exciting prospect for trace gas sensing as they
enable access to the fingerprint region where many molecules
of both fundamental and applied interest have strong absorp-
tion cross-sections and high spectral selectivity [1]–[3]. Many
different spectroscopic techniques have been realized in the
past in order to improve the detectivity of gas sensors, most
of them exploiting the enhancement by cavities trapping the
light which effectively increase the path length through the ab-
sorption cell by several orders of magnitude [4]–[9]. Although
cavity enhancement such as Cavity Ring-Down Spectroscopy
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(CRDS) [10] or optical-feedback cavity-enhanced absorption
spectroscopy (OF-CEAS) [11] are boosting the sensing perfor-
mance, they also introduce complexity, increase the size and
pose stability issues which make these gas sensors less practical
in real life applications. For this reason, the simple scheme of
a laser targeting a typical MIR detector after passing through a
multi-pass cell is preferred instead in practical scenarios. In this
paper, we propose and experimentally analyze a sensing scheme
of this type which improves the sensitivity of the typical mid-
infrared gas sensing system with marginally higher complexity
than that of typical absorption spectrometers. The scheme relies
on the mutual coupling between two quantum cascade lasers.
In this scheme, the absorption cell is placed within the path of
mutual injection. One of the two lasers, or both of them could
be ramped in current in order to scan the absorption line. The
light propagation through the absorption line affects the opti-
cal injection into both lasers and disturbs the laser system as a
whole. Taking into account that the laser system is a dynamical
system tending to operate stably, the change of the optical power
in the optical coupling path is a perturbation which non-linearly
affects the system and influences the stability operating point
[12]. This change is reflected in the power of both lasers and
can be utilized for sensitive spectroscopic measurements. The
comparison of this scheme with a typical spectrometer consist-
ing of a laser, the absorption cell and the detector proves that
the proposed system offers a six times enhancement compared
to the conventional direct absorption spectrometer. In order to
provide an explanation of the experimentally obtained results
we numerically simulated the laser system relying on the mod-
ified rate equation model tailored for mutually coupled QCLs.
The results of the theoretical and experimental analysis coin-
cide very well showing in fact that the sensitivity enhancement
takes place at the boundary of the locking bandwidth character-
ized by a sharp transition from the non-locking to locking state,
especially when the lasers are operated close to its threshold.

The paper is structured as follows. First we describe the exper-
imental setup and measurement methods in Section II. The rate
equation simulation model utilized for the theoretical analysis
of the laser system is presented in Section III. The experimental
results and the numerical results supporting the findings are pre-
sented in Section IV. Section V contains the basic conclusions
of our work.

II. EXPERIMENTAL SETUP

For the mutual locking experiments a commercially available
ALPES Distributed Feedback (DFB) QCL and a Fabry Perot
(FP) laser provided by III-V Lab were used. The ALPES QCL
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emits at 2194.5 cm–1 and its tuning range is 2 cm–1. The max-
imum output power is 30 mW at –10 °C. The FP laser emits
at 2230 cm–1 and its output power does not exceed 5 mW.
The temperature of this laser was set to 25 °C. Although the two
lasers have an intrinsic wavenumber difference of approximately
30 cm–1, they manage to lock to each other by properly tuning
the FP laser current as will be shown in Section IV. The FP laser
is driven by a homemade battery source which offers better sta-
bility compared to commercially available current sources. The
light emitted by the DFB laser passes through an absorption cell
filled with N2O. Beam splitters are utilized in order to guide
the optical emissions from one laser to the other and from the
lasers to a low noise liquid nitrogen cooled mercury cadmium
telluride (MCT) detector with a detection bandwidth of 50 MHz.
The AC signal of the detector that corresponds to the DFB laser
intensity but also to the intensity of the coupled laser system
is sent to an oscilloscope for time-trace analysis. The variation
of the optical injection is accomplished with the use of a vari-
able neutral density filter (NDF) placed in the path between the
two sources. A Fourier Transform Infrared Spectrometer (FTIR)
with a maximal resolution of 0.075 cm-1 is utilized in order to
perform optical spectrum measurements that will be presented
in Section IV.

III. SIMULATION MODEL

The band structure of the considered QCL is described with
a 3 level approximation [13], [14]. The laser emission occurs
at the transition from level 3 to level 2, while the transition
from level 2 to level 1 is accompanied with an optical-phonon
emission. The radiative and non-radiative transitions from level
3 to levels 2 and 1 are also taken into account. The carrier and
field dynamics in the 3-level QCL approximation are described
by rate equations (RE) for the carrier number population for
each level and the electrical field of the mutually coupled lasers.
Hence, the RE system takes into account the mutual injection
effect which is not present in unidirectional models [12]–[14].
The modified RE system assuming single mode operation reads:

dN3m,s

dt
=

ηm,sIm,s

q
− N3m,s

τ32m,s
− N3m,s

τ31m,s

−gm,s(N3m,s − N2m,s)Sm,s + F3m,s (1a)

dN2m,s

dt
=

N3m,s

τ32m,s
− N2m,s

τ21m,s

+ gm,s(N3m,s − N2m,s)Sm,s + F2m,s (1b)

dEm,s
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=

1
2

[
Zm,sgm,s(N3m,s − N2m,s) − 1

τph,m,s

]

× (1 + iαm,s)Em,s + Esp,m ,s +
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κinj,m ,s

τr,m ,s

×Es,m (t − T )eiωT ∓ iδωEm,s (2)

In (1), the indices m,s correspond to master and slave lasers.
Master-slave configuration represents the case of unidirectional
coupling, when one of the two lasers is externally injected into
the other one without being affected by its radiation by using an

TABLE I
PHYSICAL AND STRUCTURAL PARAMETERS USED IN THE CALCULATIONS

Parameter Value

Laser length, L 2 mm
Number of stages, Z 25
Photon lifetime, τp 4.3 ps
Current injection efficiency, η 0.15
Gain coefficient, g 0.6 × 104 s−1

Linewidth enhancement factor, α 2
Refractive index 3.2
Emission wavelength, λ 5 μm
Phonon scattering time 3→2, τ3 2 2.13 ps
Phonon scattering time 3→1, τ3 1 2.1 ps
Phonon scattering time 2→1, τ2 1 0.5 ps

optical isolator [12], [15]. Although this is not the case in the
bidirectional coupling, we keep this terminology considering
that the master laser is the DFB laser with a wavenumber being
closely linked to the absorption cell and which will be operated
above threshold in all studied operating regimes. The same laser
is also more suitable to be used in the comparison case of a
conventional spectrometer relying on continuous wave (CW)
operating QCLs. The FP laser is less practical for spectroscopy
applications due to its multi-wavelength emission. With a proper
adjustment of the operating conditions, it can be driven to single-
mode operation forced by the external injection of the DFB laser
mode once it coincides with a cavity mode of the slave laser [15].

In (1), Ni = Ni(t) is the carrier number at the correspond-
ing energy level, S = S(t) is the photon number and equals
to S = |E|2 where E is the complex electrical field described
in (2), g is the gain coefficient, q is the electron charge and
Z the number of stages. Moreover, τph is the photon lifetime,
τij the transition characteristic times, I is the injection current
and η is the injection efficiency. The terms Fi = Fi(t) (i =
1, 2, 3, S) represent the noise contribution which follows the
Langevin force formulation. More details regarding the noise
part of the model and its numerical and theoretical treatment are
provided in [13]–[15]. In (2), as already reported, E represents
the electrical field for both master and slave lasers, α is the
linewidth enhancement factor and T is the optical delay corre-
sponding to the path distance between the two lasers. The term
ω = (ωm + ωs)/2 corresponds to the mean value of the radial
frequency of the free running master and slave lasers, whilst the
term δω = (ωm − ωs)/2 is the half of their frequency detuning.
Esp corresponds to the spontaneous noise emission term and
is a complex number [13], κinj is the external injection ratio
corresponding to the portion of the optical electrical field exter-
nally coupled to each laser and τr is the round-trip time of the
laser cavity. The basic laser parameters are provided in Table I.
Although, in a real system the two lasers will exhibit significant
dissimilarities in internal parameters, we have considered iden-
tical parameters for both lasers without loss of generality. What
is important in this paper is to study the behavior of the system
at different operating points of the two lasers and as a function
of κinj , δω. The integration of (1), (2) has been performed using
a modified first order method for ordinary differential equations.
In order to ensure the model convergence, the integration step
used in the simulations was dt = 0.1 ps.
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Fig. 1. Experimental setup. The absorption cell can be filled with a sample gas
and its pressure and concentration can be varied. The optical alignment allows
us to either measure the optical power behind the absorption cell or determine
the spectra with the FTIR.

Fig. 2. Optical spectrum of the free running DFB (a) and FP (b) lasers.

IV. RESULTS AND DISCUSSION

A. Basic Properties of Mutually Coupled QCLs—Experiments

Our first goal was to experimentally identify the regimes un-
der which the laser system would be driven to single-mode
operation. The CW operation reveals that the laser system is
a locked system exhibiting the highest possible optical power
at one lasing mode. In this experiment the variable attenuator
and the sensing cell depicted in Fig. 1 were removed. The DFB
laser was operated at –15 °C and the FP lasers at 25 °C. Before
showing the FP laser emitted spectrum under mutual coupling,
for the sake of completeness we also present the DFB and FP
laser spectra when operated as free running lasers. The results
are shown in Fig. 2 and clearly indicate the single-mode oper-
ation of the DFB laser and the dependence of the lasing mode
on the bias current. The multi-mode operation of the FP and the
intrinsic wavenumber detuning of approximately 30 cm–1 can
be also observed.

In the mutual coupling experiment, the current of the FP was
manually varied and its optical spectrum was recorded with the
use of the FTIR as depicted in Fig. 3. The DFB laser current was
set to 334 mA corresponding to a wavenumber of 2193 cm–1.
Under specific bias conditions, the slave laser is forced to emit
on the DFB laser mode (blue line and red line) despite their
intrinsic wavenumber detuning of 30 cm–1. A similar behavior
was theoretically and experimentally verified for QCLs in [15]
for unidirectional coupling and is attributed to the tendency of a

Fig. 3. Optical spectrum of the FP laser under mutual locking for different bias
current values. It is evident that for bias currents close to threshold, the FP laser
is injection locked by the DFB laser mode emitting at the same wavenumber.

Fig. 4. DFB laser optical power as a function of DFB laser relative current
(IDFB AVG = 301.5 mA) with (black) and without (red) mutual coupling with
the FP laser (Experiment).

laser to oscillate at the frequency of an externally injected light
provided that this frequency is in the vicinity of a cavity mode
of the slave laser. In the same figure there exist many interesting
regimes where pure locking, no locking and the generation of
new tones at more distant wavelengths are observed.

The present work focuses on the sensing properties of the
scheme. From this viewpoint, it is important to note that FP is
efficiently locked to DFB laser emission when operated close to
threshold (Fig. 3). Furthermore, as a sensor, the device needs to
scan a range of wavenumbers and detect the absorption peaks
representing the spectral signature of molecules of interest. As
a first step, we scanned the wavenumber of the DFB laser and
identified its power response under mutual coupling with the FP
laser. Fig. 4 shows the experimentally recorded master power at
the MCT detector. The DFB laser was biased with 301.5 mA at
–10 °C and its current was swept at 137 Hz with an amplitude
of 20 mA. The FP was biased with 263.8 mA at 25 °C (slightly
below threshold). In this measurement the absorption cell is
present and filled with 31 ppm of N2O using air as buffer gas at
a pressure of 280 hPa. For the sake of completeness, the power
of the free running DFB laser is also included in the figure (red
line). The impact of mutual coupling is evident; first, the master
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Fig. 5. DFB laser optical power and its slope as a function of the DFB laser
relative current for three injection levels in the vicinity of injection locking.

power is globally increased as expected due to its interplay with
the slave laser. Second, the power exhibits a local maximum
which corresponds to the point where the optimal condition
of injection locking has been achieved. Finally, the power is
characterized by strong dropouts attributed to the combined in-
fluence of external cavity effect (similarly to what is observed
in OF-CEAS systems) and the mode competition taking place
in both lasers simultaneously. The latter effect may explain the
non-periodic occurrence of the power swinging in opposition to
what is observed for a laser subjected to optical feedback. The
asymmetric profile of the optical power is attributed to the in-
jection locking properties for non-zero linewidth enhancement
factor of the lasers. Depending on the sign and the value of the
linewidth enhancement factor of the slave laser, the latter does
not exhibit a symmetric locking bandwidth with respect to its
free running frequency. Although the QCLs are characterized
by low α values (< 3), they also exhibit the asymmetric locking
with respect to frequency detuning when operated above thresh-
old as shown in [15]. This behavior has been observed for typical
semiconductor lasers as well [21]. From the injection locking
point of view, as already shown in [13], [15], the two lasers can
be locked to each other within a specific frequency window, the
so-called locking bandwidth which reflects the potential of a
laser to oscillate in a cavity mode provided that proper amount
of optical power is externally injected. Injection locking is ex-
tremely sensitive to injection strength especially when one of the
two lasers is oscillating near threshold. One interesting feature
is that the injection strength also affects the locking bandwidth;
therefore a variation of the injection strength at the boundaries
of the locking bandwidth would substantially affect the emis-
sion of the injection-locked laser. Most interestingly, this effect
is taking place in a bidirectional way due to mutual injection
which means that an enhancement of the power variations of
both lasers similar to that offered by relevant cavity effects is
expected. This behavior was experimentally verified with the
use of the variable NDF. In Fig. 5, the master power is depicted
for three different injection levels realized by the variable atten-
uator transmission. In this experiment, the absorption cell is not
present. The bias currents for the two lasers are set to 301.5 mA
for the DFB laser and 270 mA for the FP laser (close to thresh-
old). The power was also properly filtered so as to remove the

Fig. 6. DFB power for three different FP bias currents. The sensing cell
contains 31 ppm of N2 O at 280 hPa. The falling edge boundary is the one that
corresponds to the abrupt transition between the two states.

external cavity effects. The absolute power and its profile is sub-
stantially affected by the injection level showing higher power
and a wider locking bandwidth at higher injection (blue line).
Moreover, it is interesting to note that the power slope in terms
of position and magnitude, especially that of the falling edge, is
also highly dependent on the injection level(dashed curves). In
order to verify this observation, we conceived experiments with
the presence of the sensing cell filled with 31 ppm of N2O at
280 hPa. By varying the FP-laser current in the neighborhood
of the threshold value we succeeded in moving the absorption
dip across the locking bandwidth. In Fig. 6, three time snap-
shots of the DFB laser intensity variations are depicted with the
absorption dip being located at the center (IFP = 254.6 mA)
of the locking bandwidth and at the two boundaries (IFP =
263 mA, IFP = 266.4 mA). It is evident that the absorption dip
is magnified at the falling edge of the locking bandwidth (IFP
= 263 mA) due to the higher slope and its higher dependence
on the injection strength which is also affected by the presence
of the absorbing gas. Therefore, the absorbing gas itself is not
only affecting the power of the DFB laser but also the injection
strength whose value mostly influences the locking boundary
with the steeper response from locking to non-locking state.

B. Basic Properties of Mutually Coupled QCLs—Simulations

The indication of the unique properties of locking bound-
aries was first provided by the numerical simulations based on
(1)–(2). Before conducting the experiments, we simulated the
behavior of the system as a function of the injection strength
κinj and the bias currents of the two lasers and we obtained
similar results. The δf = δω/2π parameter was varied from –
4 GHz to 4 GHz and this variation is equivalent to applying a
ramp signal in the current of one of the two lasers. As in the
experiment, we recorded the steady state point of the master
and slave powers. The behavior of the laser system was inves-
tigated in three operating regimes; slave below threshold, slave
close to threshold, slave far above threshold. The threshold cur-
rent amounts to 445 mA. In Fig. 7 we observe the dependence
of both slave and master power slopes on κinj values, espe-
cially at the boundary of the sharp transition to injection locking
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Fig. 7. The power of master and slave as a function of their detuning for
different κin j values ranging from 1 × 10–3 to 1.4 × 10–3 in steps of 10–4. The
slave laser is operated below (a), around (b) and above (c) the threshold. (d) The
power of master and the parameter dP/P when both lasers operate at threshold.

observed for the negative detuning due to the selected α param-
eter in the simulations. It is interesting to note that the slope
change becomes more evident when the slave is operated at
threshold and above. Far below threshold, the slave is react-
ing as a resonant device, therefore its response is symmetric
with respect to δf [15]. As the current of the slave approaches
the threshold, its response becomes asymmetric due to its non-
zero α parameter. This asymmetry enhances the steepness of
master transition from the non-locking to the locking-state

(Fig. 7(b)) which benefits the sensing process. In the experi-
ments we verified this behavior and found empirically that the
best operating regime under the sensing point of view for the
operation of slave (FP laser in our case) is in the vicinity of the
threshold of the FP laser. Above the threshold, the system be-
comes extremely nonlinear (Fig. 7(c)) and it is not easy to utilize
it for sensing purposes. Apart from the increased nonlinearity,
in the specific case of our experiment, the operation of the FP
far above threshold does not ease its locking from the DFB laser
injection as shown in Fig. 3. Our numerical analysis revealed
that the enhancement provided by the locked system could be
in the order of fifteen. This is shown in Fig. 7(d), where the nor-
malized power difference dP/P between two master outputs for
two injection levels having a 10% difference is estimated and
depicted with a maximum value of 150%. This enhancement
was obtained when both lasers were operated around threshold
where the mutual injection has its major effect on the excitabil-
ity of the laser system. This enhancement can not be exploitable
due to noise and large instabilities manifesting in the vicinity of
threshold. As it will be shown in the next paragraph, in a real
system the enhancement is limited to lower values.

C. Sensing Performance

After having interpreted and discussed the qualitative prop-
erties of the laser system, in this paragraph we will present its
sensing performance in comparison to what is offered by the
typical absorption spectrometer consisting of the DFB laser, the
sensing cell and the MCT-detector. For the spectroscopic mea-
surements depicted in Fig. 8, the DFB laser was biased with
301.5 mA at –10 °C and its current was swept at 137 Hz with an
amplitude of 20 mA. The FP was biased at an injection current
of 252.7 mA at 25 °C. At this temperature, the slave was oper-
ated 10 mA below threshold. Fig. 8(a) shows the output power
of the DFB laser emission as a function of DFB laser current
with the current ramped with and without injection from the FP
laser. We carefully adjusted the FP current properly to match
the frequency of the absorption dip into the locking boundary
of higher steepness. We calculated the ratio normalized deriva-
tive of the power (dV/dI)/V, because it is linearly connected to
the absorption strength through the Beer-Lambert law. Thus we
could provide a direct comparison of the improvement in ab-
sorption detectivity with and without injection. Fig. 8(a) shows
clearly that the enhancement factor reflecting the comparison
of the (dV/dI)/V of the proposed spectrometer over the cor-
responding value of the conventional spectrometer is close to
six. Fig. 8(b) shows the absorption coefficient of 31 ppm of
N2O at a pressure of 280 hPa which was determined using the
conventional direct absorption spectrometer after performing
Voigt fit in the curve of the signal voltage acquired at the MCT
(Fig. 8(b)-top, grey line). Knowing the critical parameters of
pressure, length of absorption cell, frequency of absorption line
and temperature, we calculated the absolute concentration by
using the Lambert-Beer law and HITRAN database.

We studied the proposed QCL-spectrometer at different
points of the locking bandwidth via the chosen value of the
FP-QCL current and the results are depicted in Fig. 9. In this
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Fig. 8. (a) DFB-QCL power with and without mutual coupling setup (top)
and its normalized derivative (bottom). (b) Absorption coefficient spectrum of
31 ppm of N2 O at a pressure of 280 hPa.

experiment we managed to decrease the FP laser threshold to
213 mA due to a better thermal conduction. We found that the
point of larger sensitivity and thus higher enhancement is the
point at the boundary of the locking bandwidth with the sharper
transfer characteristic as predicted. This point corresponds to
IFP = 201.5 mA, the current value for which the boundary of
the locking bandwidth coincides with the absorption dip. Fig. 9
also shows that the increase in sensitivity is realized for a wide
range of gas concentration values from 15 to 626 ppm.

Finally, we measured the sensitivity enhancement factor as
a function of the injection strength varied with the use of the
NDF. We found in all cases that the maximum enhancement
factor was recorded at the injection maximum strength which
obviously enhances the power of the system and also changes
the slope of the transition to the locking state, thus benefiting
the sensing process.

Fig. 9. Sensitivity enhancement factor in the plane of the FP-QCL current
(here in this case: due to a better thermal conduction the FP-QCL threshold
decreased to 213 mA) and the N2 O gas concentration in ppm. DFB-QCL was
ramped from 2194.2 cm–1 to 2195.3 cm–1 with a frequency of 137 Hz, gas
pressure amounted to (200 ± 20) hPa.

V. CONCLUSION

We presented a novel gas sensing scheme relying on a pair of
mutually coupled QCL sources. The dynamical behavior of the
system has been analyzed both experimentally and numerically.
We highlighted its sensitivity to injection power, bias currents
of the lasers and their spectral detuning. The analysis showed
that this pair of lasers can operate as a high sensitivity gas sensor
provided that one of the two lasers is biased around threshold.
In this regime, the pair of lasers operates as an injection locked
laser system with enhanced sensitivity against the optical in-
jected power. Based on this principle, we performed gas sensing
experiments, by using a sensing cell positioned in the optical
path between the two lasers. When the laser system is operated
in the transition regime from the non-locking to locking state, a
six times enhanced sensitivity for N2O absorption is proven in
comparison to a typical absorption spectrometer consisting of a
QCL source, a sensing cell and a typical MCT detector. We also
carried out measurements for a wide range of gas concentration
values and verified the enhanced sensitivity provided by the new
sensor. The system shows to be very stable and in addition can
be operated without the use of the MCT detector if one utilizes
one of the two lasers as the detector by simply monitoring its
voltage [22], [23]. With this perspective, the laser system has
the potential of monolithic integration which would stimulate a
wide range of applications. In order to further exploit the en-
hanced sensitivity of the proposed scheme, we intend to develop
models which will allow the estimation of the concentration of
target species solely based on the measurements taken from
the specific system in the near future. Apart from its sensing
benefits, the laser system is fundamentally interesting from the
viewpoint of nonlinear dynamics and THz generation, subjects
that we intend to explore in the near future.
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