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Quantum cascade lasers (QCLs) [1] are compact, semiconductor sources of narrowband 

terahertz (THz) frequency radiation. Owing to their coherence and high power, they are potentially 
well-suited for use in a broad range of application areas, including chemical sensing and biomedical 
imaging [1]. However, their implementation in such applications requires a compact and sensitive 
detection system. We address this by using the THz QCL not only as the source but also as an 
interferometric (self-mixing (SM)) detector. SM occurs when radiation from a laser is partially 
reflected from an external object and injected back into the laser cavity. The reflected radiation 
interferes ('mixes') with radiation in the laser cavity, producing variations in the threshold gain, 
emitted power, lasing spectrum and terminal voltage [2]. This technique thus allows simple, self-
aligned and robust system to be constructed for measuring displacement and reflectivity [3, 4]. 

We investigate the use of SM sensing with a THz QCL for three-dimensional imaging and 
surface profiling.  Figure 1 shows a three-dimensional image of a stepped GaAs structure fabricated 
by wet etching, in which the surface morphology has been extracted from the phase of the SM 
signal. Whilst the laser SM signals in [3, 4] were obtained by monitoring the voltage variations 
across the laser terminals, we have also demonstrated that SM signals can also be obtained by 
monitoring the perturbations in power collected from the back facet of the laser. Figure 2 shows 
electrical and optical SM signals taken by monitoring the voltage and power variation in response to 
a moving remote object, and demonstrates the equivalence of these two measurement approaches.  
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Figure 1 Exemplar three-dimensional image of a 
GaAs stepped sample. 

Figure 2 Exemplar electrical and optical SM 
signals obtained in response to a moving target. 
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Terahertz (THz)-frequency radiation (located between the microwave and infrared parts of the 
electromagnetic spectrum) offers many potential benefits for security sensing. In particular, it 
propagates through many common packaging materials, and excites material-specific resonances in 
crystalline compounds.1 However, THz sources are typically too large, expensive or low-powered 
for many applications. We present two imaging techniques that exploit THz quantum cascade lasers 
(QCLs)—compact semiconductor sources of intense coherent 1–5 THz radiation. 

Self-mixing-interferometry imaging of concealed objects: When THz radiation is partially 
reflected from objects back into a QCL, intra-cavity interference (self-mixing) causes measurable 
changes in terminal voltage, depending on the amplitude and phase of the reflections.2 This removes 
the need for an external detector and allows imaging of metallic objects (Fig. 1a) at up to 21 m 
round-trip distances. The 3D surface-profile may then be inferred from the phase of the interference. 

Spectroscopic diffuse-reflectance imaging: We measure backscattered radiation from powders 
illuminated by a tuneable 3–3.4 THz QCL. Unlike transmittance imaging, this technique does not 
require precise detector alignment, and arbitrarily-thick samples may be scanned.3 Diffuse 
reflectance measurements reproduce THz spectral features accurately and we show that material-
specific resonances may be obtained for a range of materials (Fig. 1b). 

This work was funded by the ERC Advanced Grants 'TOSCA', EPSRC (UK), the Innovative 
Research Call in Explosives and Weapons Detection (2007), a cross-government programme 
sponsored by a number of government departments and agencies under the CONTEST strategy, and 
the Australian Research Council’s Discovery Projects funding scheme (DP120103703). 

1. M. Tonouchi, Nat. Photonics 1, 97 (2007). 
2. P. Dean, et al., Opt. Lett. 36, 2587 (2011). 
3. P. Dean, et al., Opt. Express 16, 5997 (2008).  
(a) (b) 

Fig. 1 (a) 2.6 THz self-mixing interferometry image of a scalpel blade at 10.5 m scanning-range. 
(b) Diffuse-reflectance spectra of a range of powders, at 3–3.4 THz. 
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It has recently been reported that the radiation emitted from a terahertz (THz) quantum cascade laser 

(QCL) can be detected through the thermo-optic (TO) response of a ZnTe crystal [1]. However, a 

full quantitative analysis of this response has yet to be undertaken.  We have measured the TO 

response of a ZnTe crystal to QCL radiation in the frequency range ~2.2−2.9 THz, and developed a 

full analytical description of the TO mechanism in ZnTe.  We have found that the anisotropy of the 

TO coefficients must be considered in order to correctly reproduce the experimental results. 

Radiation from a THz QCL was focused onto a wedged ZnTe crystal, and the TO response 

measured using a probe beam from a 778.3 nm diode laser in a balanced sampling arrangement [1] 

(Fig. 1 (inset)).  The TO response was investigated for variations in driving current and pulse 

modulation frequency for THz QCLs emitting at ~2.2 THz, ~2.6 THz and ~2.9 THz.  Fig. 1(a) 

shows the TO response as a function of bias current for a ~2.2 THz QCL.  For comparison, the 

response obtained using a helium-cooled germanium bolometer is also shown.  They exhibit a 

similar functional form, which demonstrates that the sampling technique is sensitive to the THz 

radiation intensity. Fig. 1(b) shows the thermo-optically-induced change in birefringence of ZnTe, 

measured as a function of pulse modulation frequency.  We find that the TO response can be 

understood using a thermal model [2] that incorporates the absorbed THz power and accounts for 

the anisotropic thermo-optic coefficients of ZnTe.   
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Fig.1. a) Intensity-current characteristic of a ~2.2 THz QCL obtained from the TO response (solid 

line) and a bolometer (dashed line). (Inset) Detection setup comprising a grid polariser (P), ZnTe 

EO crystal, quarter-wave plate (λ/4), Wollaston prism (WP) and a pair of balanced photodetectors 

(PD). b) Change in birefringence as a function of pulse modulation frequency for a ~2.2 THz QCL. 
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Terahertz frequency quantum cascade lasers (THz QCLs) are semiconductor sources of 
coherent THz radiation, and have numerous potential applications in chemical sensing and 
industrial inspection, as well as security and biomedical imaging [1]. However, these 
applications require a compact and sensitive detection system. We address this by using a 
THz QCL as both the radiation source and as an interferometric detector. 

Self-mixing (SM) occurs when radiation is reflected from an external object back into the 
QCL cavity. The resulting interference modulates the emitted power and QCL voltage [2], 
depending on the amplitude and phase of the reflection. This allows simple, ‘detector-free’, 
sensing of displacement and reflectivity, with high-sensitivity owing to its coherent 
nature [3, 4]. We demonstrate 3D imaging using SM in a THz QCL. Fig. 1(a) shows a 3D 
image of a stepped GaAs structure fabricated by wet chemical etching, in which the surface 
height has been extracted from the phase of the SM signal. Although the SM signals in [3, 4] 
were obtained from changes to the laser voltage, we show that SM signals can also be 
obtained from the THz emission from the back laser-facet. Fig. 1(b) shows the equivalence of 
electrical and optical SM signals, resulting from reflections from an oscillating object. Owing 
to the high SM sensitivity, we have been able to demonstrate stand-off imaging at round-trip 
distances of up to 20 m through air. 

 

 

 
 
 
 
 
 

 
 
Fig. 1: (a) Exemplar 3D image of steps etched in GaAs. (b) Electrical and optical SM signals 
obtained in response to a moving target. 
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It has recently been reported that the radiation emitted from a terahertz (THz) quantum cascade laser 

(QCL) can be detected through the thermo-optic (TO) response of a ZnTe crystal [1]. However, a 

full quantitative analysis of this response has yet to be undertaken.  We have measured the TO 

response of a ZnTe crystal to QCL radiation in the frequency range ~2.2−2.9 THz, and developed a 

full analytical description of the TO mechanism in ZnTe.  We have found that the anisotropy of the 

TO coefficients must be considered in order to correctly reproduce the experimental results. 

Radiation from a THz QCL was focused onto a wedged ZnTe crystal, and the TO response 

measured using a probe beam from a 778.3 nm diode laser in a balanced sampling arrangement [1] 

(Fig. 1 (inset)).  The TO response was investigated for variations in driving current and pulse 

modulation frequency for THz QCLs emitting at ~2.2 THz, ~2.6 THz and ~2.9 THz.  Fig. 1(a) 

shows the TO response as a function of bias current for a ~2.2 THz QCL.  For comparison, the 

response obtained using a helium-cooled germanium bolometer is also shown.  They exhibit a 

similar functional form, which demonstrates that the sampling technique is sensitive to the THz 

radiation intensity. Fig. 1(b) shows the thermo-optically-induced change in birefringence of ZnTe, 

measured as a function of pulse modulation frequency.  We find that the TO response can be 

understood using a thermal model [2] that incorporates the absorbed THz power and accounts for 

the anisotropic thermo-optic coefficients of ZnTe.   
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Fig.1. a) Intensity-current characteristic of a ~2.2 THz QCL obtained from the TO response (solid 

line) and a bolometer (dashed line). (Inset) Detection setup comprising a grid polariser (P), ZnTe 

EO crystal, quarter-wave plate (λ/4), Wollaston prism (WP) and a pair of balanced photodetectors 

(PD). b) Change in birefringence as a function of pulse modulation frequency for a ~2.2 THz QCL. 
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Thermo-optic detection of quantum cascade laser 
radiation in the range ~2.2−2.9THz using a ZnTe 

crystal 

Abstract—We have investigated the thermo-optical (TO) response 
of a ZnTe crystal to THz QCL radiation in the frequency range 
~2.2-2.9 THz.  The TO response was investigated for variations in 
driving current, QCL polarisation direction and pulse 
modulation frequency.  We show that the anisotropy of the TO 
coefficients should be taken into account to correctly describe the 
experimental response. 

I. INTRODUCTION AND BACKGROUND 

T has recently been reported that the radiation emitted from 
a terahertz (THz) quantum cascade laser (QCL) can be 

detected via  the thermo-optic (TO) response of a ZnTe crystal 
[1].  However, a full quantitative analysis of this response has 
yet to be undertaken.  We have measured the TO response of a 
ZnTe crystal to QCL radiation in the frequency range 
~2.2−2.9 THz, and developed a full analytical description of 
the TO mechanism in ZnTe.  We have found that the 
anisotropy of the TO coefficients must be considered in order 
to correctly reproduce the experimental result.   

II. METHODOLGY AND THERMO-OPTIC MODEL 

Radiation from a THz QCL was focused onto a wedged 
<110> ZnTe crystal with average thickness L=1.8mm, and the 
TO response measured in a balanced sampling arrangement [1] 
using two collinear probe beams from diode lasers with 
wavelength λ=778.3 nm and combined power ~20 mW (see 
inset Fig. 1).  Devices were driven either in continuous wave, 
with mechanical modulation and lock-in detection being 
employed to improve the detection sensitivity, or in pulsed 
mode with the pulse trains being electrically modulated.  In this 
scheme the detected signal is expected to vary approximately 
linearly with the thermally-induced change in birefringence of 
the ZnTe crystal Δn, which in turn is determined by the 
temperature change ΔT induced by the absorbed QCL radiation, 
according to the relation [2,3] 
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Here κ1 and κ2 are constants describing the anisotropic 
thermo-optic coefficients of the crystal with natural 
birefringence (n2-n1).  The temperature change ΔT is expected 

to depend on the absorbed THz power, the QCL pulse 
modulation frequency and the thermal properties of the ZnTe 
crystal. 

The TO response was investigated for variations in driving 
current, QCL polarisation direction and pulse modulation 
frequency for THz QCLs emitting at ~2.2 THz, ~2.6 THz and 
~2.9 THz. 

III. RESULTS 

Fig. 1 shows the TO response as a function of bias current 
for a ~2.2 THz QCL driven in continuous wave.  For 
comparison, the response obtained using a helium-cooled 
germanium bolometer is also shown.  They exhibit a similar 
functional form, which demonstrates that the sampling 
technique is sensitive to the THz radiation intensity, with the 
linear dependence predicted from Eq. (1). 

 

Fig. 1. The intensity-current characteristic of a ~2.2 THz QCL obtained 
from the TO response (red, solid line) and a germanium bolometer (blue, 
dashed line). (Inset) Schematic of the detection setup comprising a grid 
polariser (P), ZnTe EO crystal, quarter-wave plate (λ/4), Wollaston prism 
(WP) and a pair of balanced photodetectors (PD). 

 
The response to variations in the polarisation direction of 

the QCL field relative to the [-1,1,0] direction of the ZnTe 
crystal was investigated by rotating a wire grid polariser in the 
QCL beam.  Fig. 2 shows the angular dependence of the 
thermo-optically-induced change in birefringence Δn, obtained 
using Eq. (1), for a ~2.6 THz QCL mechanically modulated at 
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a frequency of 40 Hz.  Also shown is the corresponding 
angular variation of QCL power, measured using a germanium 
bolometer, which arises from the transmission of the 
elliptically polarised QCL field through the wire grid polariser.  
The TO response reproduces the variation of QCL power well, 
which confirms the expected insensitivity of the TO 
mechanism to the polarisation direction of the THz field. 

 

Fig. 2. Thermo-optically-induced change in birefringence as a function of 
the polarization angle relative to the [-1,1,0] direction of a ZnTe crystal (blue 
data points).  Also shown is the variation of QCL power (red solid line). 

 
Fig. 3 shows Δn measured as a function of electrical 

modulation frequency for a ~2.2 THz QCL.  As expected for a 
slow thermal response, the change in birefringence decreases 
with increasing modulation frequency in this range.  We find 
that the TO response can be understood using a thermal model 
[4] for the temperature change ΔT that accounts for the 
absorbed THz power, the modulation frequency, and the 
thermal conductance and heat capacity of the irradiated crystal 
volume.  Using this model in conjunction with Eq. (1), and by 
fitting to the data in Fig. 3, the TO response can be fully 
quantified.  We find that TO-induced temperature changes of 
the order ΔT~0.01 K are achieved at low modulation 
frequencies. 

The thermal response of the ZnTe crystal can be further 
quantified through measurement of the crystal’s natural 
birefringence using the balanced detection scheme in the 
absence of THz radiation.  From the small value obtained 
(n2-n1~10-6) and by inspection of Eq. (1) we find that the 
anisotropy of the thermo-optic coefficients plays an important 
role in determining the magnitude of the TO response. 

 
Fig. 3. Thermo-optically induced change in birefringence of a ZnTe 

crystal, measured as a function of pulse modulation frequency for a ~2.2 THz 
QCL. 

IV. CONCLUSION 

The thermo-optic response of a ZnTe crystal to THz QCL 
radiation in the frequency range ~2.2-2.9 THz has been 
studied.  A quantitative description has been developed that 
accounts for the anisotropy of the thermo-optic coefficients in 
ZnTe.  This anisotropy is found to strongly influence the 
magnitude of the TO response. 

ACKNOWLEDGMENT 

We are grateful for support from EPSRC, the Royal 
Society, the Wolfson Foundation, the European Research 
Council grant ‘NOTES’ and Universiti Teknologi MARA 
(UiTM). 

REFERENCES 

 
[1] A. van Kolck, M. Amanti, M. Fischer, M. Beck, J. Faist, and J. Lloyd-

Hughes, “Thermo-optic detection of terahertz radiation from a quantum 
cascade laser,” Appl. Phys. Lett.. 97, 251103, 2010. 

[2] G. Ghosh, “Temperature dispersion of refractive indices in 
semiconductors,” J. Appl. Phys. 79, 9388-9, 1996. 

[3] L. Moretti, M. Iodice, F. G. Della Corte, and I. Rendina, “Temperature 
dependence of the thermo-optic coefficient of lithium niobate, from 300 
to 515 K in the visible and infrared regions,” J. App. Phys. 98, 036101, 
2005. 

[4] J. C. Brasunas, "Measuring and modeling the frequency response of 
infrared detectors," Infrared Physics & Technology, vol. 38, pp. 69-74, 
1997. 



promoting access to White Rose research papers

White Rose Research Online
eprints@whiterose.ac.uk

Universities of Leeds, Sheffield and York
http://eprints.whiterose.ac.uk/

This is the author’s version of a Proceedings Paper presented at the NATO
Advanced Research Workshop on Detection of Explosives and CBRN
(Using Terahertz), Cesme, Izmir, Turkey, 2012

Valavanis, A, Dean, P, Lim, YL, Alhathlool, R, Burnett, AD, Chowdhury, S, Kliese,
R, Nikolic, M, Khanna, SP, Lachab, M, Rakic, A, Davies, AG and Linfield, EH
Feedback interferometry and diffuse reflectance imaging with terahertz quantum
cascade lasers. In: UNSPECIFIED NATO Advanced Research Workshop on
Detection of Explosives and CBRN (Using Terahertz), Cesme, Izmir, Turkey.

White Rose Research Online URL for this paper:
http://eprints.whiterose.ac.uk/id/eprint/75397



Feedback interferometry and diffuse reflectance 
imaging with terahertz quantum cascade lasers 

 
 

A. Valavanis1, P. Dean1, Y. L. Lim2, R. Alhathlool1, A. D. Burnett1, S. Chowdhury1, R. Kliese2, M. Nikolić2, 
S. P. Khanna1, M. Lachab1, A. Rakić2, A. G. Davies1 and E. H. Linfield1 

1School of Electronic and Electrical Engineering, University of Leeds, Leeds LS2 9JT, United Kingdom 
2School of IT and Electrical Engineering, University of Queensland, QLD 4072, Australia 

 
 
Abstract- We demonstrate security-relevant imaging and sensing 
techniques that exploit the intense coherent THz emission from 
quantum-cascade lasers (QCLs).  Imaging and spectral 
discrimination (in the 3–3.4 THz range) between visibly-concealed 
powdered compounds is achieved through diffuse-reflectance 
imaging using a frequency-switchable THz QCL.  Feedback-
interferometry techniques are used to perform imaging and 
surface-profiling at 2.6 THz with no need for any external 
radiation detector.  This coherent (homodyne) detection scheme 
allows THz imaging at round-trip distances of > 20 m through air, 
or with resolutions of ~200 μm. 

I. INTRODUCTION 

Terahertz-frequency quantum cascade lasers (THz 
QCLs) [1] present a number of potential advantages as solid-
state sources for security imaging in the 1–5 THz range, 
compared with broadband photoconductive antennas.  
Specifically, the substantially greater THz emission intensities 
may permit scanning at larger stand-off distances, and allow 
better-concealed or highly-absorbing compounds to be 
detected.  The continuous-wave coherent THz emission from 
QCLs also offers the prospect of realizing phase-sensitive real-
time detection schemes. 

We present a range of security-relevant THz sensing 
schemes that exploit the high power and/or coherence of the 
THz emission from QCLs.  A multi-frequency diffuse-
reflectance imaging system is demonstrated, in which a 
frequency-switchable QCL is used to illuminate samples at 
four frequencies in the 3–3.4 THz range.  By detecting the 
radiation scattered away from the specular reflection path, we 
obtain images of concealed powders at < 1 mm resolution, and 
observe material-specific spectral responses. 

We also demonstrate the ability to obtain images of 
concealed objects using feedback interferometry.  Here, 
detection is achieved by monitoring perturbations to the 
voltage across a THz QCL in response to feedback of radiation 
from a remote object.  The high sensitivity of this homodyne 
detection scheme allows imaging to be performed at round-trip 
distances of 21 m through air—the longest-range 
interferometric sensing with a THz QCL to date.  By observing 
the phase of the feedback, it is possible to track the 
displacement and velocity of remote objects and to generate 
three-dimensional profiles of their surfaces. 

II. MULTI-FREQUENCY DIFFUSE REFLECTANCE IMAGING 

Diffuse-reflectance imaging geometries offer several 
advantages over specular-reflection or transmission imaging 
when studying powdered samples.  Objects of arbitrary 
thickness may be used, and precise alignment of collection 
optics is not required since diffuse reflections are spread over a 
large solid-angle.  Furthermore, many smooth packaging 
materials have little effect upon diffuse reflectance images [2]. 

Although broadband photoconductive antennas allow 
spectroscopic analysis of diffuse reflections from 
explosives [3], the much greater emission powers of THz 
QCLs allow imaging of samples with a large range of 
scattering cross-sections [2], [4].  In this work, we have used a 
frequency-switchable QCL, in which a heterogeneous active-
region design allows switching between single-mode emission 
at 3.05, 3.21, 3.28 and 3.35 THz by adjusting the bias [5].  
Fig. 1 shows that the diffuse reflectance measurements reveal 
spectral discrimination between pure samples of powdered 
solids.  The frequencies of the spectral resonances are found to 
be in agreement with those obtained using broadband THz 
time-domain spectroscopy.  The ~8 mW emission intensity of 
the QCL enabled scanning at 1.5 m range through air. 

 

 
Figure 1.  Diffuse reflectance of a range of powdered solids 
at 3.05, 3.21, 3.28 and 3.35 THz, relative to that of a PTFE 
reference powder. 
 



III. FEEDBACK INTERFEROMETRY 

The practicality of THz sensors for commercial applications 
is potentially limited by the lack of compact, sensitive and fast 
THz detection systems.  Although THz imaging has been 
performed using thermal detectors such as helium-cooled 
bolometers [6], pyroelectric detectors [2], or microbolometer 
arrays [7], these are insensitive to the phase of the THz field. 

We use a recently-developed THz feedback interferometry 
technique [8–10] to demonstrate phase-sensitive imaging and 
sensing.  Here, a 2.6-THz QCL is driven by a fixed current and 
radiation is reflected from a target object back into the laser 
cavity.  Intracavity interference causes a phase-sensitive 
perturbation to the laser voltage, which is monitored using a 
differential amplifier.  From this, it is possible to deduce both 
the reflectivity and relative displacement of the object.  The 
QCL itself therefore acts as both a radiation source and a 
detector.  This removes the need for external thermal detectors, 
and simplifies the optical configuration of the sensor system. 

Features smaller than ~200 μm may be resolved in raster-
scanned images of concealed objects, and interference fringes 
in the images may be used to reconstruct 3-dimensional surface 
profiles.  Figure 2 shows exemplar images of scalpel blades 
obtained with distances of 50 cm (top image) and 10.5 m 
(bottom image) between the QCL and the blade.  The latter 
represents the longest-range THz interferometry with a QCL to 
date.  A figure-of-merit bbfK  /)(   is defined for the 
images, where f  and b  are the mean signals in the 
foreground and background of the images, and b  is the 
standard deviation in the background signal.  We observe only 
a modest reduction in K from 61.5 to 43.5 between the two 
images, indicating that substantially longer scanning ranges 
could be achieved. 

We also demonstrate that the Beer–Lambert absorption 
coefficient for solid materials may be determined by observing 
the reduction in feedback signal as successive layers of PTFE 
sheeting are inserted in the beam-path. 

 

 
Figure 2: 2.6 THz feedback interferometry images of scalpel 
blades obtained at ranges of 50 cm (top) and at 10.5 m 
(bottom). The flat part of the blade used for calculating the 
figure-of-merit in each image is indicated by a dashed ellipse. 

IV. CONCLUSIONS 

We have exploited the coherent and high intensity THz 
emission from THz QCLs to demonstrate security-relevant 

imaging and sensing techniques that could not readily be 
achieved with broadband photoconductive antenna sources.  
Multi-frequency diffuse-reflectance imaging could be applied 
to the detection and spectral discrimination of explosive 
compounds, while feedback interferometry allows high-
resolution imaging at large stand-off distances with no external 
detector.  This sensing technique could potentially be used in 
3D surface-profiling for concealed-threat identification, and 
(with tunable narrowband QCLs) for remote gas spectroscopy. 
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Abstract: Recently demonstrated self
mixing effect in terahertz quantum cas
cade lasers (QCL) opens new possibili
ti es for detectorless sensing in this range 
of electromagnetic spectrum. In this pa
per we compare self-mixing signals ob
tained from variations in QCL terminal 
voltage against the signals obtained from 
variations in QCL radiated power moni
tored using a bolometer. We show that 
these two signals are equivalent allowing 
for the disposal of a conventional bulky 
and slow thermal detector. 

1 Introduction: Terahertz (THz) radiation 
offers many potential sensing opportun i
ti es in a variety of fields including astron
omy, biomedicine, security and non
destructive material testing applications 
[1]. THz quantum cascade lasers (THz 
QCLs) ofter an attractive compact and 
high power solution for these sensing ap
plications. However most conventional 
THz sensing schemes employ thermal 
based detection (helium-cooled bolome
ters, pyroelectric sensors, Golay cells) 
which are typically bulky or slow. One so
lution to this problem is to adapt self
mixing (SM) interferometry with THz 
QCLs [2, 3]. The homodyne nature of this 
scheme provides high sensitivity and 
noise-rejection [4]. 

In this paper we compare the SM 
signal obtained as variation in the QCL 
terminal voltage to that observed as 
variation on emitted power collected from 
the QCL back facet using a bolometer. 
Relationship between the two signals has 
been investigated for a number of SM 
feedback levels. 

2 Experimental Setup: The device in
vestigated was a single mode 2.6 THz 
QCL (10 IJm-thick bound-to-continuum 

active-region [5], formed into a 3 mm x 

140 IJm surface-plasmon ridge 
waveguide) operated in CW, just above 
threshold (0.9 A) in a liquid-helium-cooled 
continuous-flow cryostat (at 25 K). Emit
ted radiation was collimated (using a 2" 

diameter, ß2, 90° gold-plated mirror) onto 
a 3" plate mounted on the cone of a loud
speaker. The loudspeaker was driven by 
an AC signal to create a sinusoidal dis
placement of the target (estimated ampli
tude -150 IJm, f = 20 Hz) (Fig. 1). 

Displacement SM interferograms 
were observed via two methods, one em
ploying the measurements of the laser 
terminal voltage through an AC coupled 
100X amplifier (electrical signal) and via 
monitoring variation in emitted power 
from the QCL back facet using a bolome
ter (optical signal). The feedback level for 

Fig. 1. Schematic diagram of the THz

SM experimental setup. The collimated 

THz beam is reflected by a aluminium 

plate attached to the cone of a loud

speaker, which is driven by a sinusoidal 

waveform. In this system, SM signals 

are accquired in two ways: - by measur

ing the voltage perturbations across the 

laser terminals, and by observing the 

THz emission from the back facet of the 

QC L using using a helium-cooled 
bolometer, D. 

978-1-4673-3046-6/12/$31.00 ©20 12 IEEE 
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Fig. 2. Comparison between SM signals from the 150 IJm 20 Hz loudspeaker motion, obtained via la-

ser terminal voltage (Electrical) and via the back facet emission using the bolometer (Optical). (a) 

shows the SM interferogram from each method for a number of attenuations (N=O black, N=3 red, 
N=6 blue). (b) shows decay of SM signal amplitude vs. number of attenuators with solid lines show

ing the regression for exponential decay. 

the SM signal power was va ried in ampli
tude by using a number of attenuators (N) 
(3 mm thick polytetrafluoroethylene 
(PTFE) sheets (apTFE - 2 cm-1 [6]) be
tween the target and the QCL. 

3 Results: 

Figure 2 shows the results from both SM 
signal acquisition techniques, for various 
attenuations (and thus feedback levels). 
80th techniques yield almost identical 
signals (Fig. 2(a)) and calculation of the 
displacement from each set of signals es
timated the speaker displacement to 170 
and 171 IJm for the electrical and optical 
signals respectively. These match almost 
exactly and are very close to the esti
mated displacement of the loudspeaker 
mounted target. 

The SM signal amplitudes for both 
sets of measurements decay exponen
tially with increasing number of attenu
ators (shown in Fig. 2(b)). Fitting this 
gives a decay of the signal proportional to 
e-0.442N and e-0.443N for the electrical and 
optical signals respectively. This along 
with the almost identical recovered loud
speaker displacement suggests that us
ing either terminal voltage or back facet 
optical power monitoring of SM signals 
should yield equivalent results. 

In addition, from the exponential 
fittings it is possible to determine absorp-

tion coefficient of the PTFE at this fre
quency which, apTFE = 1.47 cm-1, which is 
close to the value reported in the litera
ture [6]. 
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1. Background 
The terahertz (THz) frequency quantum cascade laser (QCL) is a high power (>100 mW) 
semiconductor source of narrowband, coherent THz radiation, which is well-suited for applications 
[1] in two-dimensional (2D) and three-dimensional (3D) THz imaging.  However, exploitation of 
THz QCLs, to date, has been limited by the need to use cryogenically-cooled bolometers to achieve 
high sensitivity detection.  We have addressed this through the design of a compact and simplified 
imaging system, based on a self-mixing (SM) scheme [2] in which the QCL is not only used as the 
THz source, but also as an interferometric detector.  In this SM arrangement, the radiation emitted 
from the laser is coupled back into the emitting facet after being reflected off an external object. 
This leads to a perturbation in the QCL threshold gain, emitted power, lasing spectrum and terminal 
voltage [3], each of which can be monitored.  Importantly, unlike when using bolometers, the 
detection is coherent.   This opens up the possibility of sensing displacement, surface morphology 
and reflectivity with high precision [4, 5].   

2. 2D and 3D imaging using self mixing 
In our self-mixing experiments, THz radiation is focused onto the sample, which is itself raster-
scanned transverse to the beam.  At each position, perturbation of the QCL voltage through optical 
feedback from the target is recorded. Fig. 1 illustrates 2D imaging of a scalpel blade, with adjacent 
fringes corresponding to a change of λ/2 in the depth of the surface. To acquire a 3D image, the 
sample was also scanned longitudinally. The phase of the resulting fringes was used to extract the 
relative displacement of the sample surface, enabling a 3D image to be reconstructed. Exemplar 
fringes and a fitted SM function [6] for phase and amplitude extraction are demonstrated in Fig. 2. 
   

 
 
 
 

 
Fig. 1 2D image of a scalpel blade at 2.6 THz Fig. 2 Data from one pixel of a 3D image, with a 

fitted curve for phase and amplitude extraction 
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