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Abstract: We report a cost-efficient method to demonstrate the beam combining of five laser
elements in an array of tunable slot waveguide quantum cascade lasers in the mid-infrared
region at around 10 um. An aspherical lens with five fine-tuned mini mirrors was employed
to collimate the individual beams from the laser array. To verify the feasibility of this beam
combining approach, the combined beams were coupled into a hollow-core fiber gas cell with
a low numerical aperture (N.A.) of 0.03 and a coupling efficiency >= 0.82, for gas sensing of
binary compound gases of ammonia and ethylene simultaneously.
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1. Introduction

Quantum cascade lasers (QCLs) emitting in the mid-infrared (Mid-IR) range (3~16 um) have
attracted widespread attention [1-4]. Compared to the traditional Mid-IR lasers such as CO,
lasers and optical parametric oscillators (OPOs), QCLs offer a coherent source with compact size
and broad spectral coverage across the whole Mid-IR region [5]. The narrow linewidth, excellent
beam quality, broadband tunability and fingerprint absorption for gas molecules render QCL an
indispensable tool in spectroscopy applications [6,7], including detection of explosives [8—11],
medical diagnostics [12—14], industrial process control [15,16], and environmental monitoring
[17-19].

For multi-gas sensing, QCLs with a broad continuous single-mode tuning range are in great
demand. Many works on the spectroscopic applications using external cavity (EC) QCLs have
been reported due to their mode-hop free tunability over a large wavelength range [20-23].
Nonetheless, EC QCLs relying on mechanically movable gratings hold issues of stability and
tuning speed. DFB QCLs tuned by ambient temperature have also been used as the source for
spectroscopy [24,25] while the limited tuning range could not fulfill the requirement of scanning
the absorption features in a broad spectral range. One significant approach to extend the tuning
range of monolithic device is to integrate an array of tunable QCLs lasing at different frequencies
monolithically on the same chip. There have been a variety of tunable QCL arrays investigated.
The arrays of distributed-feedback (DFB) QCLs [26], master-oscillator power-amplifier (MOPA)
QCLs [27], sampled grating distributed-feedback (SG-DFB) QCLs [28,29], and slot waveguide
QCLs [30] all demonstrated wide tunability and high Side Mode Suppression Ratios (SMSRs).
Nevertheless, the beams of the individual lasers directly from an array could not well overlap in
the far-field [31]. Therefore, an effective beam combination is required to implement the tunable
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QCL array devices in the practical sensing application. Wavelength beam combining (WBC) has
been demonstrated in both Mid-IR and Terahertz QCLs [31-36]. This method utilizes diffraction
gratings to ensure the colinear propagation of the beams from the emitters in the array [37].
For single-mode QCL arrays, the wavelength of all the lasers should be designed to match the
dispersion equation of the grating [31-33]. Tuning the emission wavelength of an individual laser
of the array will lead to a deviation of beam propagation, which limits the employment of WBC
for continuously tunable laser arrays such as SG-DFB QCL arrays and slot waveguide QCL arrays
because each individual laser covers a wide tuning range due to the Vernier effect mechanism
[38—43]. Another scheme to combine beams is fabricating an on-chip beam combiner integrated
with the QCL array. An eight-element SG-DFB QCL array with an on-chip beam combiner
achieved a collimated laser beam with displacement < 1.6 mrad over a tuning range of 529 cm™!
[28]. However, this on-chip beam combiner induces relatively large additional loss and impairs
the output power of lasers. The Arrayed Waveguide Grating (AWG) has also been proposed as an
integrated beam combiner in the Mid-IR region [44]. Despite successful demonstration with a
DFB QCL array in multi-gas sensing [45], the low power transmission of AWG remains an issue
and the crosstalk between channels compromises the SMSRs.

In this paper, we propose a new beam combining method for broadly and continuously tunable
QCL arrays and demonstrate it in a five-element slot waveguide QCL array for mixed gas sensing.
Slot waveguide QCL arrays hold great potential in multi-gas detection because of their broad
mod-hop free continuous tunability and easy fabrication process. However, it is difficult to achieve
the beam collinear propagation in a slot waveguide QCL array with WBC as discussed above.
Herein, the emission from the five QCL facets is firstly collimated after passing through the
aspherical collimating lens. Thereafter, five mini mirrors were used to finely tune the individual
beam to make them parallel to each other. Consequently, the beams could be directed to a single
point at the back focal plane of the focusing lens. Our method eliminates the influence of the
emission wavelength change on the beam combining, so that any adjustments of optical setup
were not required throughout the entire tuning range. Moreover, we coupled the combined beams
into a hollow-core fiber gas cell to perform sensing for ammonia and ethylene gas mixture as a
proof-of-principle application.

2. Beam combining mechanism

The diagram of the beam combining setup is illustrated in Fig. 1. An aspherical lens with an
effective focal length (EFL) of f; was placed in front of the array at the focus point to collimate
the individual laser beams. Because of the different spatial emission positions, the laser beams
have distinct propagation directions after the collimating lens and would overlap near the back
focal plane of the lens. The angle of the beam from an individual laser with respect to the x-axis
will obey the equation: 6; = arctan(id/f}) referring to the inset of Fig. 1, where i (-m, -(m-1),
... 0,..., m-1, m) is the number of the laser in the array with a pitch of d. The EFL of the
collimating lens is much longer than the pitch of the laser array. Therefore, the equation can be
approximately written as:

0; ~ id x 180/(nf1) (N

In this case, each of the QCL beams will be separated spatially in the far-field [31]. Then a
series of mini mirrors (MMs) will be placed at specific angles to make all the beams parallel to
each other so that they could be directed to a point via one focusing lens. We assume the mini
mirror MM has an angle of ¢; to the beam direction of QCL 0, which can be calculated based on
the Eq. (1) as:

0 ~45° +6;/2 2)

The distance L between the adjacent beams should be designed as small as possible to reduce
the entire combined beam size. This could be accomplished by adjusting the center-to-center
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Fig. 1. Schematic diagram of the beam combining from top of view (in x-y plane). Inset:
the emitted beam direction and the mini mirror position. MM;: mini mirror. LM: large
mirror. CL: collimating lens. FL: focusing lens. 7 is the number of the small mirror. f; is the
focal length of the CL. f; is the focal length of the FL. 6; is the beam direction angle related
to the axis of the CL. ¢; is the angle between the mirror and the x-axis. L is the spacing
between the adjacent beams. d is the pitch of the laser array.

spacing along the x-axis between adjacent mirrors. Finally, the focusing lens with a focal length
of f, was employed to overlap the beams in the far-field. The microbolometer camera placed at
the back focal plane of this focusing lens was utilized to verify all the beams were focused to a
single point. This scheme did not require optical adjustment throughout the entire tuning range
because no diffractive optical elements were used.

3. Continuously tunable slot waveguide QCL array

An array of five slot-waveguide QCLs with various emission frequencies were fabricated on a
single chip, which was designed based on the same principle proposed in Ref. [30] to realize a
broad continuous tuning range free of unexpected mode hoping. A typical bound-to-continuum
active region design at around 10 um is adopted for the growth of the QCL wafer [46]. The device
had a similar fabrication process to that in Ref. [30] except that a thicker top gold contact ~ 2 pm
was deposited. As Fig. 2(a) illustrates, each laser ridge composed of two electrically separated
sections is of the dimension 25 um x 5.5 mm X 10 um. The center-to-center distance between two
nearby ridges is 300 um that matches the design of beam combing system. The inset of Fig. 2(a)
shows a scanning electron microscope (SEM) image of the fabricated slot QCL array.

The laser array was operated under room temperature. Figure 2(a) also provides the circuit
schematic used in this work. For each section of an individual laser, a DC current and a pulsed
current (200 ns/S kHz) combined through the bias-tee were injected.

Different from the previous scheme with only the front section pumped, in this work both
sections were pumped by pulsed currents simultaneously. The main purpose of this scheme is to
enhance the output powers of single modes. It should be noticed that the two pulsed currents
applied on the dual sections must be kept synchronized with the same repetition rate and pulse
width, which makes sure the light could be gained at both sections in one cavity roundtrip. A
current with a small duty cycle and pulse width (in this work 0.1%, 200 ns) holds a weak ability
to tune the refractive index owing to the limited generated and accumulated heat. The spectral
tuning behavior of single modes with dual-section pumping is thus the same as the ones of
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Fig. 2. (a) Schematic diagram of the array based on slot waveguide QCLs. The five lasers
are labelled as 2, 1, 0, -1, -2 as per the design of beam combination. A DC current and
a pulsed current were combined through the bias-tee into the front (back) section of each
laser. The two pulsed currents into the two sections were kept in phase. The inset on the
right side is SEM image of the array device showing the ridges and slots. (b) Single-mode
tuning spectra of the five-emitter slot waveguide QCL array with an average tuning step ~
0.4cm™!, where the modes of different emitters are indicated with different colors. The
inset shows one of single-mode spectra at 950 cm™! with a typical SMSR of ~ 15dB. (c)
The peak emission output power of the recorded modes versus the wavenumber.
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previous works using one-section pumping in Ref. [30] and [43] which is mainly controlled by
the two DC currents to induce refractive index change by joule heating.

In the practical experiment, we utilized our home-programmed system to keep the two
pumping currents synchronized, which were confirmed by a multiple-channel oscilloscope. For
convenience, we set the two pulsed currents with the same value. By varying the DC current
on the back section from 0 to 1000 mA (with 50 mA step) and supplying proper DC current
on the front section from 0 to 1000 mA accordingly, we realized a continuous tuning from 927
to 968 cm™~! with an average SMSR of 15 dB. The measured single-mode tuning spectra of the
five lasers by a Fourier Transform infrared spectroscopy (FTIR) system with a resolution of
0.2cm™! are plotted in Fig. 2(b). The value of pulsed current was also adjusted to get the highest
power for each single mode frequency. Eventually we achieved single-mode operations with
peak power >=49 mW throughout the entire demonstrated continuous tuning range as shown in
Fig. 2(c). The dual section pumping scheme significantly increased the powers of single modes
without degrading the SMSRs compared to the previous study of Ref. [30], which contributes to
signals with a higher signal-noise ratio in practical gas sensing. The frequencies of the single
modes in Fig. 2(b) and their corresponding currents were recorded for the demonstration of beam
combination and gas sensing.

4. Experimental demonstration and results

The experimental demonstration of the beam combination was based on the setup presented
in Fig. 1. To keep a low propagation loss, all the lenses in the setup have an anti-reflection
coating (< 2%) from 8 to 12 pm, and the reflective mirrors coated by high-quality gold have a
large reflectance (> 98%) in the Mid-IR range. The five-emitter slot waveguide QCL array as
described above was chosen as the source. An aspherical lens with an EFL of 6.35 mm (model
no. 39504, Edmund Optics Inc.) was utilized as the CL in Fig. 1 to collimate all the laser beams
from the array, and the consequent beam patterns of the five QCLs were characterized by a
microbolometer-based camera (WinCamD-IR-BB, DataRay Inc.). Figure 3 illustrates the beam
patterns of the five lasers under a single longitudinal mode operation in y-z plane corresponding
to Fig. 1. Remarkably, the y and z axes represent the horizontal and vertical direction of the beam
patterns respectively. It can be observed that the beam pattern of QCL 0 has a dimension of
3.3x 7.9 mm defined by 1/e? fullwidth, which illustrates the excellent collimation. As the QCLs
were equally spaced, the position of all the QCLs except QCL 0 would be off-axis relative to the
collimating lens. In this case, the collimated beams from these off-axis QCLs will be affected
by coma aberration [47] as shown in Fig. 3, which makes the beam profiles with a “‘comet-like”
shape especially for the lasers placed far from the optics axis (QCL -2 and 2). The beam spot
dimensions of QCL -2, -1, 1 and 2 were 1.9 mm x 2.6 mm, 1.7 mm X 4.2 mm, 2.0 mm X 4.3
mm, and 3.1 mm x 2.8 mm respectively measured in 1/e” fullwidth. The QCL 0 demonstrated
a maximum beam size of 3.3 mm in the y-axis direction compared to other lasers. To ensure
each individual beam could be reflected solely by the corresponding mirror, a center-to-center
spacing between adjacent beams was set as 3.3 mm. Referring to Eq. (1), the adjacent beams
after the collimating lens were separated with an angle of |6; - 6,_1| =2.705°, where i (-2, -1, 0,
1,2 and -2 <i-1 £2). A distance of ~ 90 mm from MM O to the front facet of the QCL 0 was
then calculated by 2f; + 3.3 mm/tan (2.705°) + 2 X 3.3 mm. The angle of MM O relative to the
x-axis should be set as 45° according to Eq. (2). A six-axis manual stage (Model No. E2200B,
Suruga Seiki Co., Ltd.) with an angular resolution of 0.009° was adopted to finely adjust MMs to
the required angles. The positions and angles of other MMs were determined by placing the
microbolometer camera at the back focal plane of the focusing lens in Fig. 1 to monitor whether
the corresponding beams would be overlapped with that of QCL 0. In this way, the required
positions and angles relative to the x-axis (¢_» =39.586°, ¢_1 =42.293°, ¢y =45°, ¢ =47.707°,
¢2=50.414°) of the five mini mirrors were obtained. After that, the MMs were secured with a
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UV adhesive at the determined positions and angles. Consequently, all the beams from the array
would propagate in parallel after reflection by MMs, which makes it possible to focus the beams
to a point at the focal plane with only one lens.

952.8 cm' ; 957.6 cm™' 954.8 cm™'
: -
| ,.)
—
1 mm

QcCL -2 QCL 1 QCL O QCL1 QCL 2

Fig. 3. Beam patterns of the five QCLs in the array after passing through the collimating
lens. The patterns from QCL -2 to QCL 2 were recorded under single-mode operation in
frequency domain at the wavenumber of 966.9 em~!,952.8cm™!, 960.4cm™!, 957.6cm™!,
and 954.8 cm™! respectively.

Figure 4 depicts the spots of the beams in y-z plane corresponding to Fig. 1 after being focused
by the ZnSe plano-convex lens with a focal length of 200 mm as the FL in Fig. 1. The beam spots
from QCL -2 to QCL 2 were 1.29 mm X 0.55 mm, 1.32 mm X 0.47 mm, 0.69 mm X 0.42 mm,
1.23 mm x 0.59 mm, and 1.37 mm x 0.52 mm in 1/e? fullwidth measured by the same camera.
Owing to the coma aberration in the horizontal direction, the far-field profile of QCL 2 or -2
along the slow axis was twice as wide compared to that of QCL 0. In the vertical direction, the
beam spot size exhibits only a slight extension because the coma aberration mainly occurred in
the horizontal direction. We also show the beam position relative to the centroid of QCL 0 after
focusing lens versus laser number in Fig. 5(a) and 5(b). The peak-to-peak positional error is 0.18
mm along the vertical direction and 0.1 mm along the horizontal direction. The larger positional
error in the vertical direction results from the shrinkage and stress generated in this direction
during the curing process of UV adhesive when we secured the mini mirrors, which leads to an
overall beam spot extension. It is revealed that our approach making use of mini mirrors enables
us to realize the overlap of the beams in the far-field. In addition, the efficiency of transferring
the optical power from the laser facet to the far-field was around 92%.

957.6 cm™! 954.8 cm™!

K

QCL -2 QCL 1 QCL O QCL 1 QCL 2

Fig. 4. Beam patterns of the five QCLs in the array at the back focal plane of the focusing
lens. The beams from different QCLs were recorded under single-mode operation in the
frequency domain at the wavenumber of 966.9 cm™! ,952.8 cm! ,960.4 cm™! R 957.6cm™! R
and 954.8cm™!.

To demonstrate the effectiveness of this beam combining method, we coupled all the combined
beams into a Mid-IR hollow-core fiber with an internal diameter of 1.5 mm and a length of 190
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Fig. 5. (a) Beam position along the vertical direction and (b) along the horizontal direction
versus QCL number at the back focal plane of the coupling lens. The bar length represents
1/e? fullwidth and the square solid point indicates the centroid of the beam spot. (c) coupling
efficiencies of the combined beams from the five QCLs into a Mid-IR hollow-core fiber.
For QCL -2, -1, 0, 1 and 2, the coupling efficiencies are 0.82, 0.95, 0.98, 0.94, and 0.88,
respectively.

mm. The fiber holds a low N.A. of 0.03 with a good transmission coating at 5-12 um. The
entrance of the hollow core fiber was placed at the back focal plane of the FL in Fig. 1 as a
coupling lens. The overall coupling efficiencies considering all five QCLs were measured to be
0.82, 0.95, 0.98, 0.94, and 0.88 respectively as shown in Fig. 5(c). It can be observed that the
QCL -1 and QCL 1 have similar coupling efficiencies as for QCL 0, while those for QCL -2 and
QCL 2 are slightly lower. Despite the low N.A. of the fiber, high coupling efficiencies larger than
0.8 for all beams were still obtained.

5. Multi-gas sensing demonstration

MFC 1
-F H -r _ Gas Exhaust system
MFC 2 ‘
GBT
NH; C,H,
Mixed Gas In Gas Out
R | t
E— - — 00
QO OO O
Detector
QCL Array after BC Lock-in Amplifier
Gas Cell
AEEEER AR N
[ |
DAQ Card

Pulse Generator

PC

Fig. 6. Schematic diagram of the entire gas sensing setup. QCL array after BC: QCL array
after beam combining. DAQ Card: data acquisition card. PC: personal computer. MFC:
mass flow controller. GBT: gas blending tube.
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As a proof-of-concept measurement, we performed multi-gas sensing using the same beam
combining approach. The entire measurement setup is exhibited in Fig. 6. The combined beams
were coupled into a 5 m hollow-core fiber as a gas cell by positioning the entrance of the fiber at
the back focal plane of the FL in Fig. | with a focal length of 200 mm as a coupling lens. Spectral
characterization of the emission passing through the fiber without gas flowing was conducted by
FTIR to confirm that the tuning spectra were identical to those in Fig. 2(b). A thermoelectrically
cooled Mercury-Cadmium-Telluride (MCT) Mid-IR detector was then placed to collect the laser
light through the fiber, from which the signals were demodulated by a lock-in amplifier and
recorded with a DAQ card.

Before the sample gas sensing, the fiber cell was filled with pure nitrogen (N;) at a flowing
rate of 200 ml/min as the measurement background. With the same rate flowing through the gas
cell, ammonia (NH3) and ethylene (C,H4) were mixed for the demonstration of the simultaneous
binary gas detection because they have strong absorptions within the tuning range of our slot
waveguide QCL array device. The concentrations of NH3 and C,H4 were both set as 100 ppm.
In the practical experiment, each of the analytes was customized at a concentration of 200 ppm
where the nitrogen served as the balance gas. As in Fig. 6, The NH3 and C,H, were respectively
controlled by corresponding commercial mass flow controllers (MFCs) to achieve a stable flow
rate of 100 ml/min (tolerance < 1 ml/min). Successively, the analytes were filled in a commercial
gas blending tube (GBT) where they could be homogeneously mixed and diluted to 100 ppm.
Therefore, the combination of MFCs and GBT ensured that the gas mixtures were filled in the
gas cell with a stable flow rate of 200 ml/min and each constituent had a constant concentration
of 100 ppm. To acquire the absorption spectrum, the single-mode emissions with different
frequencies were activated sequentially by applying the calibrated currents to the corresponding
lasers and the transmission signals through the gas cell were detected by the MCT detector. This
scanning process was automatically controlled by our home-developed LabVIEW program. The
data collection time of an individual frequency was set as 5 seconds to stabilize the signal. As
a result, it took around 5 minutes to obtain a whole spectrum using the beam combined slot
waveguide QCL array. After the scanning of background and sample gases, the absorption
spectrum of the sample binary gas mixture could be obtained as presented in Fig. 7, which
also provides the individual absorption spectrum of NH3z (C,Hy) at 100 ppm from the HITRAN
database and the simulated spectrum for the mixture of the two gases. The dominant absorption
regions of NHj locate at 928 ~935cm™! and 961 ~969 cm™!, which consist of several extremally
sharp absorption peaks. While the absorption peak of the ethylene is centered at 949 cm™!
with full width at half maximum (FHWM) ~ 0.5 cm™!. It could be observed in Fig. 7 that the
experimental absorption spectrum was in good agreement with the simulated one and the main
absorption peaks of the two gases were detected. Our results manifest that the slot waveguide QCL
array integrated with this beam combining method has great potential in Mid-IR spectroscopy.
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Fig. 7. Absorption spectrum of the gas mixture consisting of 100 ppm ammonia (NH3) and
100 ppm ethylene (CoH,) using the beam combined slot waveguide QCL array represented
by blue scatters. The pink and green dash lines respectively show the absorption spectra of
NH3 and CoHy at 100 ppm from the HITRAN database. The simulated absorption spectrum
of the binary gas mixture comprised of NH3 (100 ppm) and CoH,4 (100 ppm) calculated by
HITRAN on the Web open access Gas-mixture simulator is displayed in red solid line for
comparison with the experimental result.

6. Conclusion

In summary, we achieved beam combining of five lasers from a widely and continuously tunable
slot waveguide QCL array by employing an optical configuration consisting of one aspherical
lens and five mini mirrors. The efficiency of optical power transmission to the far-field was
around 92%. Besides, coupling the combined beams into a hollow-core fiber presented a high
efficiency larger than 0.82 for all the beams, which demonstrates the feasibility to apply this
beam combining method in practical Mid-IR spectroscopy. This is a compact and cost-efficient
beam combining approach that could be employed by different types of QCL arrays. By properly
designing the pitch of the lasers in the array and the focal length of the collimating lens, our
approach could beam-combine more elements and maintain high coupling efficiency into the
fiber for sensing applications. It is convenient to build up a portable system by integrating the
beam combined source with gas cells. This work provides a new possible pathway to conducting
multi-gas sensing with monolithic broadly continuously tunable QCLs.
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