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Abstract: We present key developments towards atmospheric chemistry stuitigsterahertz
guantum-cascade lasers (QCLs), includiigcm?-scale integration of THz QCLs with waveguides
and antennas using precision micromachining, and broadband oudtispectroscopy based on

detector-free self-mixing. © 2019 The Author(s)
OCIScodes. (140.5965) Semiconductor lasers, quantum cascadef43®).Spectroscopy, terahertz.

1. Introduction

Terahertz-frequency quantum-cascade lasers (THz QCLs) are ultra-compastagelidources of coherent THz
radiation, which offer great potential for space research and atmospheric cherisésse devices generate high-
powered narrowband radiation in the-51THz band through intersubband transitions in a periodic semictord
heterostructure [1}vith continuous-wave output powers in excess@mW (or ~2.5-W pulsed) being achievable.
A patrticular area of focus for study in the THz band is the Mesospheteama Thermosphere (MLT) region
of the Earths upper atmosphere, which in many respects‘gaseway to the near-space environment, where
natural and anthropogenic energy-flux inputs from Earth mégat saaliation and energetic particles from above.
The MLT is of greatinterest to climate researchers, in part because its thermal resptgesetthouse gés
accumulation and ozone depletion appears to lwedsr of magnitude greater than that of the lower atmosphere
thus providing a very sensitive indicator of climate-change phenor@gnaq date, though, many of the principal
gas species in the MLT (O, OH, CO, NO)dtave only been observed directly through limitede off’ rocket-
based measurements, and no continuous global mapping experinvenlbeebra achievable. This is because the
spectral features of these gases lie within the THz band of the electromagnetimspeq., O: 4.7-THz,
OH: 3.5-THz), which cannot be observed using conventional infraredlloneter-wave instruments, and existing
THz instruments are too large, complex and power-hungry for satellite-bpsetion. Furthermore, numerous
aspects of the chemistry in this atmospheric region remain unstedjedhe break-down of volatile-organic
compounds, and tireimpact on the methane lifetimes, leading to considerable uncertainty in ciiroddts.
Although the species of interest (e.qg., peroxy radicals) have THz spectred femtlaboratory instrumentation has
been developed with the bandwidth, precision or sensitivity neededdietailed analysis of the reaction chemistry.
We present techniques to address these needs: compact and integrateas€dystems with the robustness
and low-power consumption for satellite-receiver deploymentadmdadband gas-spectroscopy method, based on
self-mixing, enabling ~17-GHz spectroscopic bandwidth without the reedtérahertz detector.

2. Waveguideintegrated THz-QCL satellite payloads

A low-Earth-obit radiometry satellite, LOCUS (Linking Observations of Climgie Upper-atmosphere and Space-
weather) has been proposed, [8jhich includes 3.5-THz and 4.7-THz receivers employing QCL-based local
oscillators (LOs). These present advantages over conventional gas lasas tli@sQCLs are justl-mm-long, and
require no pump laser or reference oscillator. Previous Q@4 for airborne [4] and balloon [5] deployment are
unsuitable for satellite use, owing to their use of discrete components.nBgstpwe have integrated QQIOs with
micro-machined waveguides and a pair of diagonal feedhorns to deliebust~1-cm® system which has been
demonstrated within a space-compliant cryocooler and integrated witegCaisstelescope fore-optics.

A ~3.5 THz QCL was processed into a double-metal ridge waveguide#Bi#9B0)un? top-surface area, with
substrate thickness of 90 pum. The device was cleaved to 980-pumadedgticed into a 11Qmwide chip, and
solder-mounted within a precision micro-machin&8Q(x 75)-un? channel within an oxygen-free copper enclosure
(Fig. 4, left). The device was ribbon-bonded to an integrated SMA connectog, sexbnd copper section was
attached to form a rectangular waveguide enclosure around the QCL([ridd®)]. A diagonal feedhorn at each
end of the waveguide, provides a high-quality far-field emissiitim 5-8° divergence [Fig. 1(righf)and enables



simultaneougoupling to the receiver, and a frequency-stabilisation subsysdgmration was achieved within a
satellite-compliant cooler, at a stable ~60 K, with an output power in excesa\Wwf 8
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Fig. 1. (Lef) Photograph of interior of QCL-LO module, showing a 3.5-THz QQlated within a
waveguide channel, with a pair of diagonal feedhorns, (middle) Exteeir of complete assembled block,
with mirrors attached for beam profiling, and (right) THz beanfilerasing a raster-scanned Golay detector

3. Multi-mode detector -fr ee gas spectr oscopy

We have demonstrated gas spectroscopy using the emission frgteefesedhorn waveguide-integrated QCL similar
to that described above [6]. The radiation emitted from the feedhorrdiveded through a gas-cell containing
methanol vapour at 5 Torr, and reflected back through the cell infagbecavity [Fig. 2(c)]. The resultingelf-
mixing” perturbation to the laser field led to a QCL voltage perturbation, which egendent on both the feedback
strength (i.e., gas absorption), and on the optical phase (i.e. total opticeinggth The QCL voltage was recorded
while the optical path was extended using a pair of mirrors on a linealatransstage to obtain a total 80@m
interferogram. The QCL emission spectrum was then inferrethkiig a Fourier transform allowing multiple
emission lines to be analyzed simultaneously. The spectrum of theigad(g,b) was determined by adjusting the
QCL mode frequencies via its drive current, and calibrating the signal tigairempty reference cell. A total
measurement bandwidth of ~GHz was achieved, witaminimum detectable absorption coefficient of B0% cn ™.
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Fig. 2. @b) Methanol transmission spectra at 5 Torr, around each principal laser emisglen
(c) schematic of self-mixing spectroscopy system

In conclusion, we have shown that a precision micro-machining techmabées the development of ultra-
compact QCL-based local-oscillators, which are compliant with satellite-reathaganvironments, and a self-
mixing “detector fre® technique enables their use in high-bandwidth spectroscopy.
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