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Abstract: We report a coherent terahertz (THz) imaging system that utilises a quantum cascade
laser (QCL) operating in pulsed-mode as both the source and detector. The realisation of a
short-pulsed THz QCL feedback interferometer permits both high peak powers and improved
thermal efficiency, which enables the cryogen-free operation of the system. In this work, we
demonstrated pulsed-mode swept-frequency laser feedback interferometry experimentally. Our
interferometric detection scheme not only permits the simultaneous creation of both amplitude
and phase images, but inherently suppresses unwanted background radiation. We demonstrate
that the proposed system utilising microsecond pulses has the potential to achieve 0.25 mega-pixel
per second acquisition rates, paving the pathway to video frame rate THz imaging.

Published by The Optical Society under the terms of the Creative Commons Attribution 4.0 License. Further distribution
of this work must maintain attribution to the author(s) and the published article’s title, journal citation, and DOI.

1. Introduction

Terahertz (THz) frequency (~ 0.1-10 THz) radiation is attractive for a diverse range of imaging
and sensing applications due to the unique properties of THz waves. These include the ability to
penetrate many visually-opaque materials, the characteristic THz spectral responses of a wide
range of organic and inorganic materials, and the non-ionizing nature of THz radiation. The
development of reflection-mode, non-invasive and fast THz imaging systems [1, 2], in particular,
is essential for the realisation of key applications in the realms of biomedical imaging [3-10],
security screening [11-15], and non-destructive industrial inspection [16, 17].

In order to unlock these potential applications a high contrast and cost-effective THz imaging
system should meet several key requirements: (1) high emitted THz power enabling greater
transmission through barrier materials; (2) high frame rate; and (3) adequate resolution. Sub-THz
(< 1 THz) imaging systems exist but their achievable resolution is lacking due to the long
wavelength [13], whereas systems based on THz time domain approaches typically lack sufficient
power or suffer from slow signal acquisition [18-20].

The only practical solution for achieving high power THz illumination with a compact source
is to employ a THz QCL [21-24]. Terahertz QCLs are coherent sources of radiation that operate
in the frequency range ~ 1.2-5 THz and with peak powers up to ~ 2.4 W [25] (at 4.4 THz).
Using a THz QCL as an illumination source allows for higher resolution imaging than sub-THz
systems (due to the shorter wavelength) and many orders of magnitude more power (> 100 mW)
than typical time-domain systems [26]. Therefore, the THz QCL is emerging as an obvious
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illumination source for high sensitivity THz imaging systems. The most direct approach is to use
an external single-pixel detector in a scanning configuration (see [21] and references therein).
However, such systems require relatively complicated optical setup and careful alignment of the
QCL source and the detector.

One way to alleviate this problem is to use an array of external detectors to create a THz
camera [1,27]. Recent years have seen significant work on the development of THz cameras
including the use of microbolometer arrays [28—-33], pyroelectric sensor arrays [34-36], and
CMOS detectors [37]. Microbolometer-based cameras provide the only viable choice for both
high speed and high sensitivity imaging. Consequently, the current state of the art solution for a
fast high-resolution THz imaging system is to utilise a THz QCL as an illumination source and a
microbolometer-based THz camera as a detector. This approach, however, introduces several
notable challenges. Specifically, the illumination optics must be designed carefully in order
to expand the beam (for complete target illumination), ensure uniform target illumination, and
break the coherence of the illuminating THz beam. If these criteria are not met, the resulting
images will be plagued by the presence of interference fringes, speckle, and similar coherent
imaging artefacts [38]. Finally, most thermal detectors such as microbolometers are incoherent,
and consequently cannot resolve the phase.

One approach to avoid these problems is through the use of digital holography techniques,
exploiting the coherent nature of the THz QCL source [39-41]. Unfortunately, the very nature
of holographic imaging systems means that the fixed imaging field can be restrictive for non-
cooperative targets. Moreover, image formation from recorded holograms can be computationally
expensive. Additionally for all schemes that use an external detector, including THz cameras, the
detectors are sensitive not only to the illuminating THz QCL, but are also sensitive to radiation
from unwanted illumination sources (although this can be mitigated by using a lock-in amplifier).

Demonstrably, there is an imaging solution that is well suited to fast imaging and suppresses
unwanted background radiation, whilst also harnessing the coherent nature of the illumination
source. Laser feedback interferometry (LFI) employing a THz QCL as both the source and
detector of the radiation enables the development of a compact, self-aligned, single pixel
interferometric imaging system.

This technique has been applied with great success to three-dimensional target reconstruction
[42,43], materials analysis of remote targets [44—48], and a combination of amplitude and phase-
contrast imaging concurrently [49-51]. However, the majority of LFI imaging implementations
to date have been limited to a low frame rates of a few frames per second [51,52]. Moreover,
these systems are typically reliant on QCL devices operating in continuous-wave (CW) mode
(with a notable exception being [52], which employs a sophisticated scheme using a THz
amplifier with a pulsed QCL) and hence requiring large electrical driving power that contribute
significantly to Joule heating of the device. Ultimately, this results in smaller peak THz powers
and a requirement for significantly lower operating (heat sink) temperatures when compared to
pulsed-mode QCLs [22,24]. One might like to highlight that pulsed LFI operation makes it
possible to use pulsed-only QCLs. This elevates the operating temperature range accessible to the
LFI scheme [22], and increases the peak emitted power from the device without increasing the
average dissipated power and the demand on the cooling system. Moreover, all other parameters
of the system being the same, the high emitted power leads to an improved signal-to-noise ratio.

Clearly, the pulsed operation of QCLs paves the realistic way for video frame-rate THz imaging.
However, as we explain in this article, it has to come with a price of engineering complexity.
The primary difficulty in realising a high-speed swept-frequency LFI system (operating in
pulsed-mode or CW) is that the spectral content of the driving current waveform overlaps
significantly with the spectrum of the self-mixing (SM) signal. Moreover, the nonlinear nature
of the SM effect results in broad SM signal bandwidth which can vary significantly depending
on distance to the external target or its optical properties. The implication of these two factors
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at high speed is that simple filtering is rendered ineffective for isolating the SM signal. High
speed operation comes with additional challenges, including proper impedance matching to
avoid distortion of the driving current waveform and subsequent recovery of resulting voltage
SM signal. Utilizing a QCL for LFI heightens this challenge, as operating QCLs requires large
current and thus high electric power, thereby increasing the importance of impedance matching
and complexity of voltage signal recovery. Furthermore, the high current levels pose additional
challenges to achieving fine control and stability of the current drive waveform, both of which
are absolutely critical for the creating the correct swept-frequency SM signal.

Hence there is a clear need to develop an LFI imaging solution that uses short drive pulses
while increasing the pixel acquisition rate, making video frame rate imaging possible. Our recent
modelling work demonstrates the feasibility of this scheme [53-55]. Moreover, this operating
regime provides increased immunity to motion artefacts (including mechanical vibration of the
transceiver and movement of the target). Furthermore, we highlight that such a solution would
make it possible to use pulsed-only QCLs, which would elevate the operating temperature range
accessible to the LFI scheme in addition to permitting the use of CW QCLs in pulsed-mode.

In this article we demonstrate a pulsed-mode LFI imaging system built around a THz QCL
operating as a homodyning transceiver in a compact mechanical cryogen-free Stirling cooler.
The interferometric nature of the LFI imaging scheme inherently provides high sensitivity and
suppression of background radiation, thereby permitting high contrast imaging and the concurrent
extraction of both amplitude and phase information of an external target. At the same time,
the microsecond pulsed-mode operation of our system opens the way for the development of a
high-speed video frame rate THz imager.

2. Laser feedback interferometry

Laser feedback interferometry, also known as SM interferometry, is a coherent sensing scheme that
employs a laser as ahomodyne transceiver. Laser feedback interferometry relies on the remarkably
universal SM effect — the sensitivity of a coherent source to its emitted electromagnetic field that
interacts with the environment external to the laser and is partially reinjected to the source. The
scheme offers the inherent advantages of high sensitivity, suppression of background radiation,
and simple optical configuration. These benefits of LFI have been exploited across a wide range
laser systems for sensing and imaging applications spanning the visible to THz regions of the
spectrum, and in particular has been championed by Donati and coworkers [56,57]; see [58] for a
comprehensive overview. To date, most experimental demonstrations of LFI employ CW laser
sources. When THz QCLs are the sources of choice, the benefits of LFI over alternative coherent
sensing schemes become most pronounced. This is a consequence of the combination of a simple
optical configuration that does not rely on the use of bulky and expensive cryogenically-cooled
detectors, yet offers wide detection bandwidths, low phase noise and high detection sensitivity.

The SM signal observable in LFI is typically monitored via the laser terminal voltage [59, 60].
This signal depends on both the strength (amplitude) and the phase of the reinjected wave; the
former of these relates to the target reflectivity whereas the latter is dependent on the external
cavity length (distance to target or equivalent) and provides phase information about the external
target [61]. The coherent nature of the LFI detection scheme enables the extraction of this
complex pair. As demonstrated in our previous work, one convenient means to achieve this
through a swept-frequency approach in which a frequency modulation is applied to the QCL
source [45] to concurrently register and isolate target amplitude and phase information. These
techniques enable LFI to be used with THz QCLs for a variety of applications [62—67].

In [54] and [55], the feasibility of utilising the swept-frequency concept with a QCL operating
in pulsed-mode was theoretically demonstrated, wherein a constructive combination of adiabatic
and thermal frequency modulation was used. Moreover, the direct modulation of the QCL allows
for high bandwidth operation due to the absence of relaxation oscillations [68]. One practical
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Fig. 1. (a) Schematic diagram of the experimental setup. (b) Expanded view of the QCL
cold finger module. (c) Photo of the THz QCL mounted on the cold finger of the Stirling
cooler.

challenge identified in this previous work was that the expected amplitude of the SM signal was
three to four orders of magnitude smaller than the corresponding drive pulse amplitude. As
such, new engineering solutions are required to isolate the SM signal from the large drive pulse
transient.

3. Experimental setup

The QCL used consisted of a 12 um-thick GaAs/AlGaAs 9-well phonon-assisted active region
with a design frequency of ~ 2.9-3.2 THz [69]. The active region layer structure starting from
the injection barrier was 4/10.1/0.5/16.2/1/12.9/2/11.8/3/9.5/3/8.6/3/7.1/3/17/3/14.5 nm.
The structure was grown by solid-source molecular beam epitaxy on a semi-insulating GaAs
substrate, with the active region grown between doped upper 50 nm-thick (n = 5 x 10'8 cm™3)
and lower 700 nm thick (n = 2 x 10'® cm™3) GaAs contact layers. The wafer was processed
into 150 um wide surface-plasmon ridge waveguide structures using photolithography and wet
chemical etching, with the substrate thinned to ~ 200 um. Devices were then mechanically
cleaved to define a ridge of length 2 mm.

Figure 1 shows the experimental arrangement of our imaging system, along with key components
of the custom laser pulse driver built by L3 Micreo Ltd. Figure 1(b) depicts an expanded view
of the custom-built QCL cold finger module mounted on a copper T-piece, which was attached
to the cold finger of a mechanical Stirling cryocooler (Cryotel GT, Sunpower, Inc.) within a
custom built cryostat. The QCL cold finger module consisted of three key components: 1) the
integrated QCL carrier; 2) the QCL sub-carrier; and 3) the cold finger PCB. The integrated QCL
carrier was a gold plated copper carrier with an elevated ridge onto which the THz QCL was
directly bonded using indium. The QCL sub carrier was mounted around this ridge and consisted
of several electrically-isolated gold pads on an alumina carrier. The cold finger PCB in turn
enveloped the QCL sub-carrier and was fastened onto the integrated QCL carrier.

The THz QCL was electrically connected to the custom laser pulse driver via gold wire bonds
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between the QCL terminals and the QCL sub carrier, with a further set of bonds connecting the
QCL sub carrier to the cold finger PCB. The cold finger PCB in turn was connected to the laser
pulse driver with a set of tapered transmission lines and coaxial cables via sealed access ports on
the cryostat.

The operating point of the Stirling engine was set to 50 K. This operating point was chosen to
maximise the frequency sweep range of the QCL while ensuring the cooler operated at a viable
cooling capacity. Vibrations along the optical axis caused by the Stirling cooler were measured to
be (~5 um), predominantly at a low frequency of 60 Hz. Radiation from the QCL was collimated
and focused on the target using a pair of Tsurupica plastic lenses with 50 mm focal length and
30 mm clear aperture (Tsurupica-RR-CX-1.5-50-SPS, Broadband, Inc.). The total optical path
between the QCL source and the target was 701 mm through an ambient (unpurged) atmosphere.

The laser was driven using a custom-built laser pulse driver. This piece of hardware both
generated the current pulses to drive the laser as well as recovered the small SM signal
superimposed on the resulting voltage pulse measured across the laser. The laser pulse driver
consisted of a main controller board [with a field-programmable gate array (FPGA) controlling
the pulse generation] and SM signal extraction electronics, the QCL cold finger module within
the cryostat, and the tapered transmission lines (16 2 down to 4 Q) that were used to deliver the
fast current pulses to the QCL cold finger module. The cold finger PCB on the QCL cold finger
module also included additional electronic circuitry for conditioning the signal and returned the
partially conditioned signal to the main controller board via the coaxial cables. The cold finger
PCB was placed in close proximity to the QCL in order to maximise bandwidth and reduce signal
distortion due to impedance mismatch, which are important design considerations for high-speed
performance.

The QCL was driven with a train of current pulses, each consisting of a large square current
pulse to which a small current ramp could be introduced. Two current pulse shapes were used in
this work: a square pulse with amplitude ~ 1.2 A; and a square pulse from which a small linear
current ramp was subtracted, resulting in a ramped driving pulse covering the range from ~1.4 A
to ~1.1 A (300 mA current sweep). By subtracting the current ramp in this way we ensured that
the thermal and adiabatic frequency modulation effects were constructive for this particular QCL
device (as predicted in [55]). Moreover, the starting current for the ramped pulse (i.e. ~1.4 A)
was chosen to maximise the mode hop-free tuning range of the QCL. Additionally, a wire grid
polariser (G30-L, Microtech Instruments, Inc.) was used as a variable attenuator to maintain the
level of optical feedback within the weak feedback regime, since at moderate to strong optical
feedback levels the SM signal was found to be complicated by the presence of multiple cavity
modes and mode hopping during the current sweep.

Figure 2 illustrates the signal conditioning path used to extract the SM signal from the voltage
pulse measured across the laser. The first step is to generate the current pulse that drives the QCL,
which is delivered to the laser via the tapered transmission lines [Fig. 2(a)]. This current pulse
creates a voltage response which contains the small SM signal superimposed on a large voltage
pulse (~7 V) [Fig. 2(b)]. In CW implementations of swept frequency LFI [45], the large voltage
offset across the laser is a DC voltage that can be removed easily via AC coupling. However,
in this implementation the spectral content of the driving pulse overlaps significantly with the
spectrum of the SM signal, rendering simple filtering ineffective for isolating the SM signal.

As such, a completely different approach to extracting the SM signal is required. In our system,
the voltage response is first time-gated by removing the leading and the trailing edges of the
pulse [Fig. 2(c)]; the truncated pulse contains the SM signal [Fig. 2(d)]. A linear voltage ramp
with the same slope is then digitally synthesised and subtracted in analog hardware from the
truncated pulse [Fig. 2(e)]. By subtracting a perfect ramp in this way we create a voltage signal
(the ‘negatized’ signal [70]) with significantly reduced amplitude and which contains the SM
signal, a contribution arising from the nonlinear current—voltage response of the QCL, as well
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Fig. 2. Flow diagram illustrating the signal conditioning performed by the custom built laser
pulse driver (see text for detailed description).

as artefacts brought about by the driving circuit [Fig. 2(f)]. This signal is then amplified and
digitised using a Rohde & Schwarz RTO1024 oscilloscope [Fig. 2(g)]. The bandwidth of the
RTO1024 was restricted to 500 MS/s at 12-bit resolution in order to emulate the performance of
low-cost, commercially available ADCs such as Analog Devices AD9434BCPZ-500. In order to
extract the SM signal from the negatized signal, we acquire a reference trace from the QCL with
no optical feedback (i.e. a negatized signal from the free-running laser) by blocking the front
window of the cryostat. The reference trace is taken only once at system start-up and does not
need to be repeated for each image frame nor individual pixel. This negatized trace is digitally
subtracted from subsequently measured traces [Fig. 2(h)], resulting in the final isolated SM
signal [Fig. 2(i)]. For image acquisition, the target was raster-scanned in two dimensions using a
two-axis computer-controlled translation stage. Time domain traces were acquired at each node
of a square grid with common pitch of 100 um.

4. Experimental results

A series of experiments were first carried out to investigate the effect of pulse shape and duration
on the integrity of the SM signal. Figure 3 shows exemplar SM signals recorded with six different
driving pulse conditions; a combination of two pulse shapes (square pulses and ramped pulses)
and three pulse durations spanning approximately 3 orders of magnitude (~ 300, 20, and 1 ps,
at 10% duty cycle) were used. As can be seen [broken lines in Figs. 3(a)-3(c)] a SM signal
is created even when the laser is driven by a simple square pulse. This signal arises due to
thermally-induced frequency tuning of the QCL.

Nevertheless, the clear advantage of using the ramped pulse is apparent in this data — namely,
the additional adiabatic frequency modulation arising due to the current sweep. As noted
previously, the direction of the current sweep was chosen to increase the overall frequency tuning
range. As such, the ramped pulses consistently generate an additional two interferometric fringes
compared to those produced using square pulses, which rely on thermal frequency modulation
alone. By comparing the SM signals obtained for different pulse durations it can also be seen that
the recorded number of interferometric fringes reduces with decreasing pulse duration. This can
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Fig. 3. The effect on the SM signal of varying the pulse duration over three orders of
magnitude: ~ 300, 20, and 1 ps at 10 % duty cycle for square (dashed lines) and ramped
(solid lines) pulses [rows (a), (b), and (c) respectively]. Left panels: Voltage and current
curves. Right panels: extracted SM voltage signals for square (blue line) and ramped (green
line) pulses.
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Fig. 4. THz images of an Australian $1 Coin using ~ 1 us pulses at 10 % duty cycle with
100 pm scanning pitch. (a) Amplitude and (b) phase images from an array of SM signals.

be explained by a reduced thermal frequency modulation for shorter driving pulses. All of these
observed behaviours agree qualitatively with the behaviour predicted in our recent modelling
work [53-55].

The data shown in Fig. 3 also allows us to answer one key question — what is the shortest
driving pulse that creates a viable SM signal? Demonstrably, even the ~1 us ramped pulse
contains sufficient information to obtain a good quality SM signal. Therefore, extremely fast
pixel acquisition is possible, as illustrated by the imaging results presented below.

The use of short pulses also offers increased immunity to mechanical vibrations or target
motion. This immunity comes about since the short ~ 1 us pulse duration is several orders of
magnitude faster than typical mechanical vibrations in our system (which are <10 kHz). Even
when averaging over a series of pulses, the total acquisition time for the trace remains at least
one order of magnitude faster. Consequently, there is no observable detrimental effect from
mechanical vibration of the cryocooler on the SM signal.

To demonstrate the practical performance of the proposed pulse-mode LFI imaging system, we
imaged a 2018 $1 AUD coin. Figure 4 shows the results of a 261 X 261 scan with 100 um pitch,
using a ~1 ps pulse at 10% duty cycle with 16x waveform averaging. Amplitude [Fig. 4(a)]
and phase [Fig. 4(b)] images were created by using the amplitude and phase of the fast Fourier
transform evaluated at the fundamental frequency of the SM signal [43]. As evidenced by these
images, the phase in particular is extremely stable, which we attribute to the very short pulse
duration used here; indeed, even with 16X averaging, the effects of any mechanical vibrations are
not observable in the recorded images.

We also explored the impact of a range of operating conditions on the practical performance
of the imaging system. A series of eight scans was carried out on a small portion of the coin:
Fig. 5(a) shows amplitude (top row) and phase (bottom row) images recorded with varying
degrees of waveform averaging at each pixel (1%, 4%, 8%, and 16x) for a fixed pulse duty cycle
(10%); whereas Fig. 5(b) shows amplitude (top row) and phase (bottom row) images for different
pulse duty cycles (10%, 20%, 30%, and 50%) with a fixed number of waveform averages (4x).
As can be seen, all operating scenarios tested produced clearly visible images in Fig. 5 — even in
the cases with no waveform averaging. Unlike the series of phase images recorded for varying
degrees of averaging, there is an observable shift in the phase of the fringes as the duty cycle
increases; we attribute this to a change in wavelength of the QCL as a result of higher average
lattice temperature.

Finally, we remark that the images in Figs. 4 and 5 (for all 10% duty cycles) were taken on
three separate occasions (several days apart). Despite this, there is remarkable consistency in the
phase plots.
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Fig. 5. Amplitude (top rows) and phase (bottom rows) THz images of the numerals 2018’
on an Australian $1 Coin. (a) 1x, 4%, 8%, and 16x averaging (10% duty cycle, ~ 1 ps pulse
width). (b) 10%, 20%, 30%, and 50% duty cycle with a ~ 1 ps pulse width (4 averaging).

5. Discussion

In this work, we have demonstrated the feasibility of a high-speed pulsed-mode LFI imaging
system based on a THz QCL operating as a single pixel coherent detector — a necessary
prerequisite for video frame rate image formation. By operating with short pulses, down to
~ 1 ps duration, the system enjoys increased immunity to motion artefacts; this has the additional
benefit of reducing the impact of (relatively) slow temporal changes in the external cavity such as
mechanical variations due to atmospheric or temperature fluctuations. It should be noted that
there is a trade-off between the pulse duty cycle employed and the required cooling capacity —
for a fixed pulse width, a lower duty cycle requires reduced cooling capacity but places an upper
limit on the pixel acquisition rate; the practical implication of this is that one could sacrifice
imaging speed for use of a cryocooler that is more compact, less expensive, and has lower power
consumption.

In this work, with the Stirling cooler operating at 50 K, the maximum thermal lift is ~ 5 W.
The combined thermal losses due to the electrical operation of the cold finger PCB (estimated
to be ~ 300 mW) and leakage losses from the cryostat (including leakage through the tapered
transmission lines and coaxial cables) is estimated to be ~ 2 W. Finally, thermal losses due to
operation of the QCL based on the electrical power are calculated from Fig. 3 to be ~ 900 mW
per 10 % increase in duty cycle. Therefore, the cooling capacity of the current implementation
allows for considerable flexibility with vary the duty cycle without compromising image quality
[as demonstrated in Fig. 5(b)] and consequently tune the thermal load on the cold finger.
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There is also a trade-off between the number of waveform averages employed and the noise
level of the resulting image — increasing the number of averages decreases the upper limit on
pixel acquisition rate with the benefit of reducing image noise, as shown in Fig. 5(a).

With the current system, there are two limiting factors to achieving video frame rate imaging.
The first limiting factor is the speed of controlling the two-axis translation stage used in our
system — to communicate and move the stage to each pixel position takes ~30 ms. This problem
is not unique to our single pixel THz imaging system. Pathways to solutions exist in the literature
for systems similarly employing THz QCL sources and using a variety of detection schemes,
including LFI [51,52], those utilising external detectors [71], and THz Radar [13]. In this
respect, we emphasise here that our pulsed LFI scheme enjoys increased immunity to pixel
motion artefacts which are commonly observed in fast scanner systems. The second limiting
factor is the speed of data acquisition — taking up to ~100 ms per pixel for the oscilloscope used
here (RTO1024). This factor could be readily overcome by using a commercially available ADC
interfaced with the FPGA on the custom built laser pulse driver.

Our data demonstrates that the present system can operate comfortably with a ~ 1 ps pulse at
30% duty cycle with no waveform averaging. This corresponds to an acquisition time of 4 ps
per pixel, or equivalently 0.25 M pixel/s [or 62.5 k pixel/s with 4x averages, for more robust
images]. Thus, in principle, a 101 x 101 image could be generated at 24 fps [6 fps] if these two
limiting factors are overcome.

We envisage that high-speed pulsed-mode LFI sensors would become even more appealing by
utilising a THz QCL source with wide frequency-tuning capacity, in particular a coupled-cavity
THz QCL. These sources open up the potential for high-speed hyperspectral THz imaging, with
potential for frequency jumps from pulse to pulse [72, 73] — effectively creating a high-speed
pulsed-mode multiplexed hyperspectral THz imaging system.

6. Conclusions

We have demonstrated a coherent THz imaging system that utilises a QCL operating in pulsed-
mode as both the source and detector. Our scheme relies on the novel use of LFI in conjunction
with microsecond pulsing to extract both amplitude and phase information of an external target
concurrently. The use of a pulsed THz QCL in conjunction with the LFI detection scheme
has several desirable characteristics including: higher temperature operation of the THz QCL
enabling the use of a mechanical Stirling cryocooler; high THz powers; immunity to background
radiation; coherent detection, permitting the concurrent acquisition of both amplitude and phase
images; and increased immunity to motion artefacts. We have successfully applied this approach
to coherent image acquisition with pulse durations down to ~ 1 us. For these microsecond pulses
with high duty cycle and low averaging the acquisition rate approaches mega-pixels per second,
suitable for video-frame-rate imaging.
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