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Abstract: Considerable interest exists for sensing and imaging technologies in the terahertz (THz)
spectral range, in particular for the interrogation of materials of an organic or biological nature.
Development in THz quantum cascade lasers is seeing higher operating temperatures and peak
output powers in pulsed mode, accentuating their place as the preferred source of coherent THz
frequency radiation. Technological development of interferometric sensing schemes continues to
take advantage of practical improvements in THz quantum cascade lasers. In this Summary, we
give a brief overview of some recent developments in this regard.

OCIS codes: (140.5965) Semiconductor lasers, quantum cascade; (120.3180) Interferometry; (110.6795) Terahertz
imaging.

1. Introduction

Laser feedback interferometry (LFI) with terahertz (THz) quantum cascade lasers (QCLs) is a coherent sensing
technique [1, 2] proposed recently, well-suited to the development of compact sensing systems. The sensing
technique relies on laser radiation being reflected back into the laser cavity from an external object, thus giving rise
to measurable changes in the electronic and optical behavior of the laser. This physical phenomenon is frequently
referred to as the “self-mixing” effect [3] and has been successfully applied to THz biomedical imaging, explosives
detection, and THz radar imaging [4-8].

In all these implementations the THz QCL was operated in continuous-wave (cw) regime with low-
frequency modulation current superimposed on the dc bias in order to sweep the laser frequency. For this mode of
operation, the laser remained in a series of steady-states. From the practical point of view, pulsed operation yields
superior performance over short timescales compared with cw operation, owing to the lower internal Joule heating
within the THz QCL. An advantage of short-pulse high-repetition-rate operation, unrelated to the device itself, is the
rapid acquisition of information regarding the external object including its optical properties and shape. Indeed,
pulsed THz QCLs have been demonstrated with operating temperatures as high as 200 K [9] and peak THz output
powers in excess of 1 W [10].

In most LFI applications, laser frequency is continuously tuned to obtain the interferometric signal
containing information about the target. In pulsed operation, due to thermal transients, this continuous frequency
tuning can be obtained even for a simple rectangular current pulse. Temperature change affects laser operation in a
number of ways, including altering the refractive index and the physical dimensions of the internal laser cavity [3],
which in turn alter the lasing emission frequency. The changes in temperature influence carrier dynamics and thus
the laser state over a wide range of timescales, from picosecond-scale electro-optical dynamics to microsecond-scale
thermal modulation. The thermal transients and accompanying effects brought about by self-heating are far more
prominent in these devices than in other types of laser, to the extent that they may be used as a tool for tuning QCLs
[11].

However, the thermal time-constant of the device imposes a constraint on the maximum duration of the
frequency sweep when relying solely on thermal processes to frequency-tune the laser. For a typical THz QCL this
time-frame will be in the tens of microseconds and the frequency change with time will be non-linear. One
consequence of this on the interferometric waveform is that it will have continuously changing period. This creates
a challenge in predicting and interpreting LFI signals in this mode of operation. As we discussed recently, a realistic
model combining the electro-optical and thermal properties of the laser with optical feedback effect is required [11].
The model was designed for an exemplar bound-to-continuum THz QCL [12, 13] operating at 2.59 THz. It



comprises two carrier rate equations, a photon equation and a phase equation for a single lasing mode, coupled to the
thermal model. Feedback effects were included along the lines of the seminal model by Lang and Kobayashi [3].
Figure 1 shows the schematic explaining the geometry of the interferometer making explicit reference to thermal
and feedback processes governing its pulsed operation.
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Figure 1. Three-mirror optical feedback model illustrating the role of thermal processes in pulsed operation of the laser feedback

interferometer.

2. Frequency Tuning and Self-Mixing Signal Response

Figure 2 shows the simulation output when the laser was driven by a simple square pulse for three different pulse
durations: 2, 20, and 200 ps, all for the drive current of 485 mA. We present the temporal evolution of the laser

lattice temperature and the resulting change in the emission frequency of about 400 MHz [Fig. 2, (g)].

In the

presence of optical feedback this frequency change results in variations in optical power [Fig. 2, (h)], the high
frequency component of which we style the “self-mixing signal” [Fig. 2, (i)]. The results suggest that the practical
constraint on pulse duration is of the order of several tens of microseconds. Practically the signal can be acquired not
for the power variations, but the accompanying changes in the laser compliance voltage.
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Figure 2. Self-mixing response to thermal modulation.
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3. Extending the Frequency Tuning Range

In order to facilitate the identification of a material under test, probing of its optical properties at frequencies near
unique spectral features can require a wider spectral range than is possible relying only on frequency-tuning as a
result of thermal processes. One way to achieve this extended frequency tuning range is with a coupled-cavity (CC)
THz QCL, where localized electrical heating in an optically coupled passive cavity permits selection from and
stepping through several discrete lasing modes [14]. As a tunable THz emission source, CC THz QCLs can provide
single-mode operation with electrically-controlled frequency tuning. A CC THz QCL is composed of two cavities
separated by an air gap. Traditionally the active cavity is driven above the lasing threshold while the passive cavity
is operated below threshold to control the dominant mode. However, by using the thermal heating effect induced by
the driving pulses applied on the active cavity, both continuous frequency tuning and discrete mode hopping could
be obtained to effectively probe the external target at a series of THz frequency bands. In order to identify a
particular material, the geometry of the CC THz QCL structure can in principle be accurately designed and
fabricated to permit lasing modes which target specific spectral features. An LFI system operating in pulsed mode
and built around such a CC THz QCL will permit ultra-high-speed sensing for material identification, and if
augmented by a fast-scanning mirror, effectively real-time THz image formation in a compact system.

Acknowledgements

This research was supported under Australian Research Council (ARC) Discovery Projects funding scheme (DP 160
103910), the Queensland Government’s Advance Queensland programme, EPSRC, UK. (Grants EP/J017671/1 and
EP/J002356/1 and DTG award), the Royal Society (Wolfson Research Merit Awards WM 110032 and WM 150029),
and the European Cooperation in Science and Technology (COST) (Action BM1205).

4. References

[11Y. L. Lim, P. Dean, M. Nikoli¢, R. Kliese, S. P. Khanna, M. Lachab, A. Valavanis, D. Indjin, Z. Ikoni¢, P. Harrison, E. H. Linfield, A. G.
Davies, S. J. Wilson, and A. D. Raki¢, “Demonstration of a self-mixing displacement sensor based on terahertz quantum cascade lasers,” Appl.
Phys. Lett. 99, 081108 (2011).

[2] F. P. Mezzapesa, M. Petruzzella, M. Dabbicco, H. E. Beere, D. A. Ritchie, M. S. Vitiello, and G. Scamarcio, “Continuous-wave reflection
imaging using optical feedback interferometry in terahertz and mid-infrared quantum cascade lasers,” IEEE Trans. Terahertz Sci. Technol. 4,
631-633 (2014)

[3] T. Taimre, M. Nikoli¢, K. Bertling, Y. L. Lim, T. Bosch, and A. D. Raki¢, “Laser feedback interferometry: a tutorial on the self-mixing effect
for coherent sensing,” Adv. Opt. Photon. 7, 570-631 (2015).

[4] A. D. Raki¢, T. Taimre, K. Bertling, Y. L. Lim, P. Dean, D. Indjin, Z. Ikoni¢, P. Harrison, A. Valavanis, S. P. Khanna, M. Lachab, S. J.
Wilson, E. H. Linfield, and A. G. Davies, “Swept-frequency feedback interferometry using terahertz frequency QCLs: A method for imaging and
materials analysis,” Opt. Express 21, 22194-22205 (2013).

[51Y. L. Lim, T. Taimre, K. Bertling, P. Dean, D. Indjin, A. Valavanis, S. P. Khanna, M. Lachab, H. Schaider, T. W. Prow, H. P. Soyer, S. J.
Wilson, E. H. Linfield, A. G. Davies, and A. D. Raki¢, “High-contrast coherent terahertz imaging of porcine tissue via swept-frequency feedback
interferometry,” Biomed. Opt. Express 5, 3981-3989 (2014).

[6] P. Dean, A. Valavanis, J. Keeley, K. Bertling, Y. L. Lim, R. Alhathlool, A. D. Burnett, L. H. Li, S. P. Khanna, D. Indjin, T. Taimre, A. D.
Raki¢, E. H. Linfield, and A. G. Davies, “Terahertz imaging using quantum cascade lasers - a review of systems and applications,” J. Phys. D:
Appl. Phys. 47, 374008 (2014).

[71H. S. Lui, T. Taimre, K. Bertling, Y. L. Lim, P. Dean, S. P. Khanna, M. Lachab, A. Valavanis, D. Indjin, E. H. Linfield, A. G. Davies, and A.
D. Raki¢, “Terahertz inverse synthetic aperture radar imaging using self-mixing interferometry with a quantum cascade laser,” Opt. Lett. 39,
2629-2632 (2014).

[8] S. Han, K. Bertling, P. Dean, J. Keeley, A. D. Burnett, Y. L. Lim, S. P. Khanna, A. Valavanis, E. H. Linfield, A. G. Davies, D. Indjin, T.
Taimre, and A. D. Raki¢, “Laser feedback interferometry as a tool for analysis of granular materials at terahertz frequencies: Towards imaging
and identification of plastic explosives,” Sensors 16, 1-9 (2016).

[9] S. Fathololoumi, E. Dupont, C. W. I. Chan, Z. R. Wasilewski, S. R. Laframboise, D. Ban, A. Matyas, C. Jirauschek, Q. Hu, and H. C. Liu,
“Terahertz quantum cascade lasers operating up to ~200 k with optimized oscillator strength and improved injection tunneling,” Opt. Express 20,
3866-3876 (2012).

[10] L. Li, L. Chen, J. Zhu, J. Freeman, P. Dean, A. Valavanis, A. G. Davies, and E. H. Linfield, “Terahertz quantum cascade lasers with >1 W
output powers,” Electron. Lett. 50, 309-311 (2014).

[11] G. Agnew, A. Grier, T. Taimre, Y. Lim, K. Bertling, Z. Tkoni¢, A. Valavanis, P. Dean, J. Cooper, S. Khanna, M. Lachab, E. Linfield, A.
Davies, P. Harrison, D. Indjin, and A. Raki¢, "Model for a pulsed terahertz quantum cascade laser under optical feedback," Opt. Express 24,
20554-20570 (2016).

[12] S. Barbieri, J. Alton, H. E. Beere, J. Fowler, E. H. Linfield, and D. A. Ritchie, “2.9 THz quantum cascade lasers operating up to 70 K in
continuous wave,” Appl. Phys. Lett. 85, 1674 (2004).

[13] G. Agnew, A. Grier, T. Taimre, Y. L. Lim, M. Nikoli¢, A. Valavanis, J. Cooper, P. Dean, S. P. Khanna, M. Lachab, E. H. Linfield, A. G.
Davies, P. Harrison, Z. Ikoni¢, D. Indjin, and A. D. Raki¢, “Efficient prediction of terahertz quantum cascade laser dynamics from steady-state
simulations,” Appl. Phys. Lett. 106, 161105 (2015).

[14] A. D. Raki¢, G. Agnew, X. Qi, T. Taimre, Y. L. Lim, K. Bertling, S. Han, S. J. Wilson, A. Grier, I. Kundu, L. Li, A. Valavanis, P. Dean, Z.
Ikoni¢, J. Cooper, S. P. Khanna, M. Lachab, E. H. Linfield, A. G. Davies, P. Harrison, and D. Indjin, “Terahertz Frequency Quantum Cascade
Lasers: Optical Feedback Effects and Applications,” Proc. 16th Int. Conf. Numerical Simulation Optoelectronic Devices (NUSOD °16), Jul., pp.
203-204.



