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Abstract: A method of compressing spectral bandwidth in spectral beam combining (SBC) of
quantum cascade lasers (QCLs) by multiplexing a pair of blazed gratings arranged in a V-shaped
configuration is proposed. The spectral interval can be compressed by increasing the number of
diffractions via the round-trip propagation between gratings. Experimental results show that the
SBC spectral interval of three diffractions is narrowed to 1/3 that of a single diffraction. The
SBC power can be further improved within a given spectrum range by increasing the number of
QCLs, which provides a feasible scheme to scale the SBC power and the brightness of QCLs.

© 2022 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Quantum cascade lasers (QCLs) are semiconductor lasers that directly lase the mid-infrared
(MIR) laser from 3 pm to 300 um by using electric drive only. They are ideal components for gas
sensing, environmental monitoring, medical diagnosis, and defense, due to their simplicity of
operation, high efficiency and small size [1-2]. Such applications require the necessary power,
beam quality, and reliability [3]. QCLs have been achieved watt-level output power in continuous
wave (CW) mode at room temperature for many years. The highest CW power record of 5.1 W
from a single QCL emitter was set in 2011 [4]. To obtain a higher output power with high beam
quality, the technology of spectral beam combining (SBC) has been proven to be one of the most
attractive and feasible ways to achieve power and brightness scaling by employing the grating
dispersion [5]. S. Hugger et al. achieved SBC of eight individual QCLs with the wavelength
from 4.5 um to 5.0 um, and the SBC beam quality of M? < 2 for both fast and slow axes was
obtained, which was close to that observed for single emitters [6]. A. Goyal et al. demonstrated
several types of SBC sources based on QCLs with different structures and different wavelengths
from 8 pm to 10 um [7-8]. An obvious way to achieve a higher power laser beam is by just
combining more QCLs, besides improving the QCL power. However, SBC scales laser power
and brightness at the expense of spectral bandwidth broadening. The whole spectral span of
the SBC source will be broadened with the increase of the quantity of QCLs. Nevertheless, the
number of QCLs cannot increase infinitely because of the finite spectral span, limited by the
application requirements and the characteristics of laser unit or optical element. In order to
increase the SBC power within a limited bandwidth, it is necessary to raise the number of the
combing QCLs by compress the wavelength interval between adjacent laser units. A narrower
wavelength interval indicates more amount of combining elements in the same spectral range,
resulting in the promotion of the SBC power. The spectral bandwidth of SBC is inversely
proportional to the grating dispersion [9]. According to the grating diffraction theory, the quantity
of grating lines per mm in MIR is small, generally being 75-300 lines/mm, thus resulting in a low
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dispersion of 0.1-0.4 mrad/nm. With a larger wavelength, fewer grating lines per mm indicate
lower corresponding dispersion and larger spectral interval, leading to smaller amounts of QCLs
that can be coupled within a given gain spectrum. Promoting the grating dispersion capability
helps to compress the SBC spectral interval and the output power and brightness of SBC QCLs
can be further improved by increasing the number of QCLs.

A method of dense spectral beam combining (DSBC) of QCLs by multiplexing a pair of
blazed gratings arranged in a V-shaped configuration is proposed. A novel SBC structure in a
modified Littman-Metcalf setup [10] with two blazed gratings for wavelength selective optical
feedback is built. The dispersion capability is greatly improved by increasing the number of
diffractions via the round-trip propagation between gratings, and the SBC spectrum of QCLs is
effectively compressed. Experimental setups of SBC-QCLs with a single diffraction (1-SBC),
double diffractions (2-SBC) and three diffractions (3-SBC) are built, composed of two QCLs and
two gratings. The spectral interval is narrowed from 36.95 nm to 17.16 nm and 12.22 nm, with
spectral compression ratios of 2.15 and 3.02 respectively, which is consistent with the theoretical
analysis. The spectral interval can be further compressed only by adjusting the angle and position
of the two reflective gratings to increase the diffraction times, without introducing any additional
component.

2. Experimental setup

A standard SBC setup with a single diffractive grating [11] is shown in Fig. 1(a). A novel SBC
configuration in a modified Littman-Metcalf setup with two blazed gratings for wavelength
selective optical feedback is built, as shown in Figs. 1(b)-1(d). Two gratings are placed in a
V-shaped configuration, and different numbers of diffractions can be achieved without introducing
any additional component, being achieved only by adjusting the angle of 6;, 64, 6,, and the
position of the two gratings. The SBC structures with double diffractions, three diffractions and
six diffractions are modeled by Zemax.
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Fig. 1. Setup for SBC configuration with (a) a single diffraction, (b) double diffractions, (c)
three diffractions and (d) six diffractions.

The resonant cavity is formed by the back facet of QCLs and the output coupler. The divergent
beams emitted from QCLs are first collimated. Then the direction of each beam is deflected by
90 ° though the respective mirror, and the offset d can be adjusted. All beams are redirected
by the transform lens (focal length f7), and overlap on the last grating after several diffractions.
Hence, the overlapped spot is on grating 1 for 1-SBC in Fig. 1(a), on grating 2 for 2-SBC in
Fig. 1(b), back on grating 1 for 3-SBC in Fig. 1(c), and on grating 2 for 6-SBC in Fig. 1(d). Only
the diffraction beams perpendicular to the output coupler are fed back into the QCLs to generate
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an effective resonance oscillation. Each QCL receives feedback signals with a unique wavelength
induced by the different incident angle 6; and the same diffraction angle 6, on the gratings and
emits a beam with a unique wavelength A; A;=A(sin6;+siné,) for 1-SBC, in which A denotes the
grating period. Finally, all beams are superposed at the output coupler and emitted as a broad
spectrum 44 along the same direction, maintaining the beam quality of a single emitter while
scaling the output power by the number of QCLs.

AA can be deduced to 41=(dA/d6)*d/fr, inversely proportional to the grating dispersion d6/dA.
A large the dispersion d6/d A indicates a small spectral bandwidth 4. To achieve a high diffraction
efficiency, the angle interval 46 between 6; and 6, is as small as possible if the spatial structure
allows. After N diffractions, the corresponding dispersion dfy/dA is increased,

dOn 1 1 1

—_— = ... + 1
dAa A-cosf;; A-cosfs A - cos Oy M
If two gratings are the same, the dispersion is after N diffractions
da N
= )
d9y A -cos@

Compared to that of 1-SBC, the equivalent dispersion of N-SBC is increased by (N-1) times,

and the corresponding spectral bandwidth 4Ar is,
AB - A -cosb
Ady = N 3)

Therefore, the spectral interval can be compressed to 1/N that of 1-SBC only by means of a
pair of gratings. As a result, the number of the SBC lasers could be increased by (N-1) times in
the same gain spectral range, and the combining power would be greatly improved.

In this work, two 4.7 um QCLs were spatially arranged in the SBC direction, each with an
emitting aperture width of 8 um, a cavity length of 5 mm, a front facet reflectivity of 16%, a rear
facet reflectivity of 95% and a polarization of TM, as provided by Institute of Semiconductors,
CAS. The sub-beams emerging from the QCLs were collimated by two aspherical lenses from
Lightpath (f = 1.87 mm, NA = 0.85), and spatially combined by two Al-coated mirrors with offset
d of 4.5 mm. Along the beam combining direction, a transform lens with f7 of 300 mm was
placed to image all the sub-beams onto the grating with the last diffraction. Two 300 lines/mm
blazed, gold-coated gratings were employed with the 1st diffraction efficiency of greater than 90%
for P-polarized light in the wavelength range from 4.5 um to 5.0 pm. An antireflection-coated 4/2
plate was inserted to rotate the TM-polarized laser of QCLs into P polarization with respect to the
plane of incidence at the grating. The reflectivity of the output coupler was chosen to be ~30%.
The output spectrum was recorded with a fourier transform infrared spectrometer (OSA207C,
Thorlabs) and the laser power was measured by using a thermopile detector (10A-V1.1, Ophir).

3. Experimental results and analysis

The CW power and spectrum versus the current characteristics of QCLs under free-running
operation at the heatsink temperature of 20 °C are shown in Fig. 2. Two QCLs were driven
independently due to the different performance. The threshold current, slope efficiency and the
CW power at 1200 mA were 830 mA, 0.90 W/A and 336.8 mW for QCL, respectively, and 830
mA, 1.13 W/A and 399.6 mW for QCL;, respectively. Both free-running spectrum of QCLs
were distributed around 4.7 um. Under the same current, the wavelength of QCL; was 2 2.5 nm
longer than that of QCL,. At the high current, the spectrum of QCL; appears secondary peaks,
reducing the intensity of the main peak.

Figure 3 presents the combining spectrum of two QCLs after 1-SBC, 2-SBC and 3-SBC
at the current of 1200 mA, respectively. For all three combining spectra, two distinct peaks
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Fig. 2. (a) CW power and (b) spectrum vs. current characteristics of QCLs under
free-running operation.

can be observed clearly. As the number of diffractions increased, the spectral interval became
smaller. The intervals between the two peaks were Ak =36.95 nm for 1-SBC, Ay =17.16 nm
for 2-SBC, and Ak3 =12.22 nm for 3-SBC. Multiple relationships existed between the three
intervals: Ahy/AA; = 1/2.15, Ah3/Ah; =1/3.02. The angles of the two gratings deviated from
the design value because of the limitation of grating size and position, and to avoid blocking
the combining beam, resulting in the shifting of the central wavelength. However, the spectral
interval was in good agreement with the predicted one.
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Fig. 3. Combining spectrum after 1-SBC, 2-SBC and 3-SBC at 1200mA.

Figure 4 depicts the CW power and the combining efficiency (1,). versus the current
characteristics of QCLs after 1-SBC, 2-SBC and 3-SBC. The combining efficiency (7,) is defined
as the ratio of the combined power to the free-running power. It can be seen that the CW power
and 7, decreased slightly with the increase of diffraction times. For QCL;, shown in Fig. 4(a),
the threshold current, slope efficiency, the maximum CW power and 7, at 1200 mA were 810
mA, 0.50 W/A, 195.1 mW, and 57.9% for 1-SBC; 820 mA, 0.51 W/A, 189.5 mW, and 56.3%
for 2-SBC; and 830 mA, 0.49 W/A, 171.0 mW, and 50.8% for 3-SBC, respectively. For QCL,,
shown in Fig. 4(b), the threshold current, slope efficiency, the maximum CW power and 7,
at 1200 mA were 810 mA, 0.52 W/A, 195.7 mW, and 50.0% for 1-SBC; 800 mA, 0.51 W/A,
206.8 mW, and 51.7% for 2-SBC; and 830 mA, 0.45 W/A, 167.6 mW, and 50.8% for 3-SBC,
respectively. Although the SBC power of QCL; and QCL; under the same diffraction times was
close to each other, 77, of QCL; is 6% ~ 8% lower than that of QCL;, which may be caused by
the mismatch of the pointing or polarization of QCL,, resulting in the failure to achieve good
resonance under external feedback.

In order to evaluate the influence on the SBC power with different numbers of diffractions, the
power ratio Py/Py—; is defined as the Nth diffraction power attenuation ratio np, y—spc, shown
in Fig. 5. To reduce the effect of the power meter background noise, np, y—sgc under 1000
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Fig. 4. CW power and combining efficiency (7,) vs. current characteristics of QCL; (a)
and QCLy(b) after 1-SBC, 2-SBC and 3-SBC.

mA to 1200 mA were calculated and the average value was taken. For QCLy, 1p, 2—spc and
np, 2-spc Was 0.99 and 0.94, respectively. For QCLy, np, 2—spc and np, 2—spc was 0.98 and 0.82,
respectively. As can be seen from the results, 17p2—_spc of QCL; and QCL, was close, and the
power attenuation was low. But 77p 3_spc appeared to decrease significantly, especially for QCL,.
It was possible that with the increase of diffraction times, the deviation from the component’s
performance was also superimposed and magnified, resulting in less effective feedback.
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Fig. 5. N-th diffraction power attenuation ratio vs. current.

Figure 6 demonstrates the spot distribution before and after 3-SBC. The two separated spots
overlap on the photosensitive card (VRC6H, Thorlabs). No beam quality testing instrument that
is suitable for MIR is available. Thus, it is difficult to measure the SBC beam quality at different
times of diffraction. However, according to the previously reported results [6], the beam quality
of SBC is slightly deteriorated under the effect of grating dispersion, but is still close to that of a
single emitter. In subsequent experiments, we plan to purchase relevant equipment for testing.

Fig. 6. Spot distribution before and after SBC with three diffractions.
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4. Conclusion

A dense SBC method that involves multiplexing a pair of reflective gratings arranged in a
V-shaped configuration is proposed. A novel SBC structure in a modified Littman-Metcalf setup
with two blazed gratings for wavelength selective optical feedback is built. The SBC spectral
bandwidth of QCLs can be compressed several times by increasing the number of diffractions via
the round-trip propagation between two gratings. The SBC spectral interval of QCLs is reduced
from 36.95 nm to 12.22 nm, and the SBC power can be further improved within a given spectrum
range by increasing the number of QCLs, thereby providing an effective technical approach to
realize an MIR laser with higher power and high beam quality. At the same time, the physical
size of the laser source can be effectively compressed by optical path folding, which is convenient
for engineering application.
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