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ABSTRACT
The phenomenon of self-pulsation (SP) in terahertz (THz) quantum cascade lasers (QCLs) due to optical feedback was reported recently. In
this Letter, we propose a THz imaging modality using the SP phenomenon in a THz QCL. We explore the theoretical oscillation properties
of the SP scheme and demonstrate its suitability to perform imaging experimentally. The SP imaging scheme operates in self-detection mode,
eliminating the need for an external detector. Moreover, the scheme requires only a fixed current, meaning that one can avoid many of the
pitfalls associated with high temperature operation of THz QCLs, including frequency chirp and mode hops caused by sweeping the laser
current. This also means that one is free to locate the operating point at the maximum power, to produce the desired beam profile or for
highest spectral purity, depending on the application. The SP imaging modality proposed in this work can be translated directly to high
operating temperature THz QCLs.

© 2021 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0056487

The past two decades have witnessed the most significant effort
to utilize the terahertz (THz) spectrum,1,2 with the THz quantum
cascade lasers (QCLs) emerging as, arguably, the most promising
high power source3–6 and even a coherent detector7–10 for applica-
tions in THz imaging. Yet, this difficult-to-tame part of the electro-
magnetic spectrum, with some unique qualities, and the associated
QCL still have to deliver on the promises made long ago. One of
the long-standing issues is obvious: since their inception, THz QCLs
have been associated with cryogenic cooling and efficient operation
at ultra-low temperatures. Second, the THz detectors are not sen-
sitive or fast enough, which further limits the application of THz
technology in a wide range of areas.11,12

As a self-detection technique, THz imaging using self-mixing
(SM) in THz QCLs under optical feedback (OF) has witnessed
increased interest over the last decade in a wide variety of areas,

including chemical sensing, materials analysis, and high-resolution
spectroscopy.7,10,13–16 SM imaging is a highly coherent and self-
alignment imaging technique where the laser itself acts as a high
speed and highly sensitive detector. However, in order to create a
time-varying SM signal, the SM scheme for imaging or sensing typ-
ically requires modulation of laser current or modulation of exter-
nal cavity parameters, such as target movement or changing tar-
get reflectivity8 (with exception14). Emission frequency sweeping
through driving current modulation is widely used in THz QCL
based SM imaging systems with a static target.10,16,17 This imposes
a demanding requirement for the current range at which the laser
operates, i.e., the lasers’ dynamic working range, especially for high
temperature operation of THz QCLs.

High temperature operation of THz QCLs in pulsed mode at
∼250 K has been demonstrated recently by Khalatpour et al.,6 which
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is contrary to the long-held belief that THz QCLs are associated
with cryogenic cooling and efficient operation at ultra-low temper-
atures. This work shows that room-temperature operation of THz
QCL is indeed possible. This comes after recent advances detailed in
Refs. 4 and 5. However, with the increase in temperature, the lasers’
dynamic working range is significantly reduced. At higher tempera-
tures, the light–current curves peak sharply at a single current.6 To
make the most of such a laser for sensing and imaging applications,
one therefore needs a scheme that can operate solely at this peak
output power.

The self-pulsation (SP) phenomenon that we have recently
observed in THz QCLs, as illustrated in Fig. 1, can be used for har-
nessing the potential of this laser. We have experimentally observed
and theoretically explained SP in THz QCLs under OF,18 in con-
trast to the generally accepted claim that THz QCLs are ultrastable
against feedback.19,20 Periodic pulsations appear at frequencies that
can be associated with the round-trip time in the external cavity τext.
Even if the laser is turned on for a very short duration of time (a few
hundreds of ns), a number of these pulses are detected in the emitted
power or terminal voltage of the laser.

In this Letter, we propose a THz imaging modality using the
SP phenomenon in a THz QCL. Both the amplitude and the fun-
damental frequencies of the SPs are monotonically increasing with
the feedback coupling coefficient, which is the fundamental princi-
ple of the imaging modality we proposed in this work. We explore
the oscillation properties of the SP scheme and demonstrate the SP
imaging scheme experimentally. In this SP scheme, the THz QCL is
driven by a square current pulse—a fixed current—that is effective
in producing THz images at high frame-rate and can be translated
directly to forthcoming room temperature devices. Considering that
the detection scheme proposed in this work requires only a fixed cur-
rent, undesirable mode hops, frequency chirp, and evolution of the
beam profile during the driving current sweep are eliminated. One
is then free to locate the operating point at the maximum power,
to produce the desired beam profile or for highest spectral purity,

depending on the application. A number of issues with high temper-
ature operation, including that the lasers’ dynamic working range
reduces with increasing operation temperature and the light–current
curves peak sharply at a single current at higher temperatures, have
been pointed out in Refs. 6 and 21; however, most of them are
common to all QCLs (regardless of the operating temperature), and
none of them would prevent the successful usage of our sensing and
imaging scheme.

The SP dynamics and the system used for THz imaging with the
SP phenomenon in the single-mode THz QCL is shown in Fig. 1.
The laser was driven by a square pulse I [Fig. 1(a)], and the laser
beam emitted from the QCL is collimated by a collimating lens
and focused by an objective lens before incidence upon a target
[Fig. 1(b)]. The reflected light from the target is reinjected into the
laser cavity where it mixes with the intra-cavity electric field and
creates periodic pulsations of the emission power Pout and popula-
tion inversion ΔN, where the driving pulse duration is on the same
order of the duration of the SPs [as shown by simulated SP dynam-
ics in Fig. 1(a), the dynamics during turn-on delay τd and the two
initial round-trips of the external cavity are to be ignored]. The
time spacing between two adjacent SPs is around the external cav-
ity round-trip delay time τext. The SP waveforms of Pout and ΔN
are out of phase. Theoretically, we study the OF induced dynam-
ics through the emission power or population inversion, which can
be directly solved from a set of reduced-rate equations (RREs).18,22

Experimentally, we observe the laser terminal voltage V (which
is determined by population inversion) without the need for THz
photodetectors. The QCL itself acts as a high speed and highly
sensitive detector.

The variations of the amplitude and the frequency of the
SPs are dependent on the C parameter, which is defined as
C = (κ/τin)τext

√

1 + α2, where κ = ε
√

R/R2(1 − R2) is the feedback
coupling coefficient, τin is the laser cavity round-trip time, and α
is the linewidth enhancement factor of the laser.10 Since κ contains
the information of the optical properties of the target (re-injection

FIG. 1. The SP dynamics and the system used for THz imaging with the SP phenomenon in the THz QCL: (a) The driving current I, population inversion ΔN, and emission
power Pout of the THz QCL. The laser was driven by a square pulse I; (b) the system used for THz imaging with the SP phenomenon in the THz QCL. The laser beam
emitted from the QCL is collimated by a collimating lens and focused by an objective lens before incidence upon a target. The reflected light from the target is re-injected into
the laser cavity where it mixes with the intra-cavity electric field and induces periodic pulsations into the emission power Pout and population inversion ΔN, where the driving
pulse duration is on the same order of the duration of the SPs [as shown by simulated SP dynamics in (a), the dynamics during turn-on delay and the two initial round-trips
of the external cavity are to be ignored]. The quantities Lext, next, and τext are the length, refractive index, and round-trip time of the external laser cavity, respectively. The
time spacing between two adjacent SPs is around the external cavity round-trip delay time τext. The optical characteristics of the target are imprinted on the variations in
amplitudes and frequencies of the SPs during a raster scan of the target, which can be extracted by an FPGA based control board and used to reconstruct the target image.
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coupling coefficient ε, reflectivity of the target R, and the exit laser
facet reflectivity R2), the optical characteristics of the target are
imprinted on the variations in amplitudes and frequencies of the SPs
during a raster scan of the target, which can be extracted by a field-
programmable gate array (FPGA) based control board and used to
reconstruct the target image.

In order to demonstrate the periodic oscillation properties of
the SP phenomenon in the THz QCL under all OF levels, we solved
the emission power and the phase of the slowly varying envelope of
the electric field from the theoretical model of the system, which is
the set of RREs with OF terms as described in Ref. 18. The parame-
ters of the system are also consistent with those used in that work
unless otherwise specified. We simulate the emission power from
the THz QCL with increasing OF strength. Figure 2 demonstrates
the influence of OF strength on laser dynamics in a THz QCL with
an external cavity length of 1.6 m.

The time evolution of the emitted power, emission spectra off-
set from the free-running emission frequency, and the slowly vary-
ing envelope field phasor (real part vs imaginary part of the elec-
tric field) with the re-injection coupling factor ε at −90, −60, −30,
and 0 dB are shown in each column of Fig. 2, respectively. In
the case of free-running THz QCL without OF (not shown here),

the emission power reaches its steady-state after a turn-on delay
τd. The value of τd depends on the carrier lifetimes, driving cur-
rent, and the gain factor of the THz QCL, which is typically ten
times smaller than that in a laser diode (LD) due to ultrashort
carrier lifetimes in THz QCLs.22 In this particular device, τd is
around 200 ps. When the THz QCL is subject to OF, although τd
remains unchanged, a laser transient oscillation starts from τd + τext
due to the delayed arrival of emitted optical power from the tar-
get. The value of τext is on the ns time scale when the external
cavity is several meters long; here, it is 10.67 ns with an exter-
nal cavity length of 1.6 m. As shown in Fig. 2(a1), there is a sud-
den change in power at τd + τext when ε is −90 dB. The short
time transient dynamics under weak feedback does not change the
emission spectrum and the phasor is essentially a fixed point, as
shown in Figs. 2(a2) and 2(a3), respectively. However, although only
an on-off emission power change is visible when ε is −60 dB in
Fig. 2(b1), the phase starts shifting due to increased feedback in
this case. Consequently, the linewidth is broadened in Fig. 2(b2),
and the phasor transitions to be a partial circle with the direc-
tion indicated by the arrow in Fig. 2(b3). When ε is even stronger
at −30 dB, the emission power starts varying periodically with a
period of around τext and the amplitude of this oscillation is around

FIG. 2. Simulated emission power time evolution (row 1) from the THz QCL with a zoomed-in view of feedback dynamics (row 2), emission spectrum offset to the emission
frequency (row 3), and the phasor plots (row 4) from a single-mode THz QCL under OF with increasing feedback strengths, where the external cavity length Lext = 1.6 m:
(a) ε = −90 dB, κ = −89.04 dB, C = 0.0086; (b) ε = −60 dB, κ = −59.04 dB, C = 0.27; (c) ε = −30 dB, κ = −29.04 dB, C = 8.60; and (d) ε = 0 dB, κ = 0.96 dB,
C = 272.06.
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FIG. 3. Simulated dependence of mode spacing Δ f and the first right sideband
power in the emission spectrum of Fig. 2 on the feedback coupling coefficient κ,
where Lext = 1.6 m.

0.04 mW in Fig. 2(c1). Accordingly, the emission spectrum exhibits
multiple external cavity modes with the mode spacing defined as Δ f
[Fig. 2(c2)]. The phasor extends into a complete circle in a clock-
wise direction [Fig. 2(c3)]. Furthermore, in order to explore laser
dynamics in the THz QCL under the strongest feedback condition,
the simulation with ε of 0 dB, corresponding to 100% OF into the
laser cavity, was performed. The results are shown in Fig. 2(d). The
periodic power oscillation amplitude is further increased to 4.2 mW
at 20 ns and 0.4 mW at 500 ns [see zoomed-in view of Fig. 2(d1)].
The number of sidebands is significantly enhanced with the increase
in feedback strength [Fig. 2(d2)]. However, the phasor is still a cir-
cle due to the periodic oscillation nature of the emission power, with
increased circle radius [Fig. 2(d3)]. It should be noted that the wave-
form of the SPs is dependent on the feedback phase as demonstrated
in Ref. 18. We confirmed in this work that no chaotic oscillations
were observed from the phasor even under this extreme level of
OF. These simplified OF dynamics in THz QCLs make them very
suitable to be used for sensing and imaging.

Mode spacing Δ f in the emission spectrum (frequency split-
ting) of Fig. 2 or the oscillation frequency of the SPs increases with
increasing feedback strength and exhibits a frequency modulation
property, as shown in Fig. 3 (blue curve). The value of Δ f asymp-
totically tends to equal the external cavity resonant frequency f EC
= c/(2nextLext) (where c is the speed of light in a vacuum and next and
Lext are the refractive index and length of the external cavity, respec-
tively) at 93.8 MHz, as marked by the blue dashed line in Fig. 3.
In addition, the amplitude of the multiple external cavity modes in
the emission spectrum also increases with the increasing feedback
strength due to more power being returned to the laser cavity. The
amplitude of the first split frequency at the right side of the central

emission frequency is plotted as a function of κ in Fig. 3 (red curve).
Both the amplitude and the fundamental frequencies of the SPs are
monotonically increasing with the feedback coupling coefficient κ,
which is the fundamental principle of the imaging modality we pro-
posed in this work. The amplitude and the fundamental frequencies
of the SPs could be used as a sensing and imaging signal to mea-
sure the parameters in the feedback coupling coefficient κ, which
includes the re-injection coupling factor, reflectivity of the external
target, internal reflection coefficient of emitting laser facet, as well as
the linewidth enhancement factor of the laser.

A pulsed-mode THz QCL under OF as shown in Fig. 1(b)
was used to observe the SPs experimentally. The QCL consisted
of a 12 μm-thick AlGaAs/GaAs nine-well phonon-assisted active
region.23 Starting from the injection barrier, the layer sequence
for each of the 95 periods is 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 (AlGaAs layers are shown in bold, and
the 17 nm well is Si-doped by n = 2 × 1016). 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 × 1018 cm−3) and lower 700 nm thick (n = 2
× 1018 cm−3) GaAs contact layers. The wafer was processed into
150 μm wide surface-plasmon ridge waveguide structures using
photolithography and wet chemical etching, with the substrate
thinned to 200 μm. Devices were then mechanically cleaved to define
a ridge of length 2 mm. The laser was driven by a custom-built laser
pulse driver that consisted of a main controller board with an FPGA
controlling the pulse generation and SP signal extraction electron-
ics. The driving current was set as the square current pulse train at
0.97 A. Each of the driving pulse is 450 ns long with the duty cycle
rate at 20%. The temperature of the laser was controlled by a com-
pact cryogen-free Stirling cooler,12 and the operating point of the
Stirling engine was set at 50 K.

The laser beam emitted from the THz QCL is collimated
by using a Tsurupica plastic lens (Tsurupica-RR-CX-1.5-50-SPS,
Broadband, Inc.), attenuated by using a wire grid polarizer (G30-L,
Microtech Instruments, Inc.), and focused by an objective lens
(Plano-convex lens LPX-TPX-D50.8-F100) before being incident
upon a target. The SP signal generated during a raster scan of the
target was extracted by the FPGA based control board and used to
reconstruct the target image. In the first experiment, the target is a
2-in. gold mirror, which was placed in the collimated path at varying
distances from the QCL.

The SPs that were obtained from the laser terminal voltage
with two different external cavity lengths Lext of 1.6 and 1.93 m
are presented in Figs. 4(a) and 4(b), respectively. The correspond-
ing spectrum of the SPs [obtained via Fast Fourier Transform (FFT)

FIG. 4. Experimental observations of the
OF dynamics in a THz QCL with a square
driving pulse with duration of 450 ns: (a)
Lext = 1.6 m; (b) Lext = 1.93 m; and (c)
Fourier transform of the SP signal shown
in (a) and (b) (red curve: Lext = 1.6 m;
blue curve: Lext = 1.93 m).
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with the resolution of the spectra is 1 MHz by zero padding the
signal] is shown in Fig. 4(c), where the peak frequencies of each
spectrum (57.7 and 64.4 MHz) indicate the fundamental frequen-
cies of the SPs for each Lext (1.93 and 1.6 m). The oscillation fre-
quency is expected to reach their maximum values at f EC (93.8 and
78.9 MHz when Lext is 1.6 and 1.93 m, respectively) under 100% OF.
However, 100% OF (ε = 0 dB) is not likely to be achievable in exper-
iment due to atmospheric absorption and coupling losses both in
the forward and return path within the external cavity and practical
reflectivity (<100%) of real-world targets. This suggests that the opti-
cal feedback level can be improved by increasing the external target
reflection, reducing the laser facet reflection by applying antireflec-
tion coating14,24 and increasing the re-injection coupling factor of
the reflected THz beam returning into the laser cavity. A detailed
comparison between the simulation and experimental results with
different external cavity lengths and feedback strengths can be found
in Ref. 18.

In the second experiment, the gold mirror was replaced by a
ruler for THz imaging. The face of the ruler was oriented normal
to the incident beam, and the image was created by raster scanning
the ruler. The external cavity length is 1.6 m in this experiment. As
a proof of concept experiment, Fig. 5 displays the THz imaging of a
section of a ruler by using the SP phenomenon with a square driv-
ing current pulse train. Currently, the image is obtained from the
amplitude of the strongest frequency component of the SP oscilla-
tions, obtained after an FFT operation on the SP signal from the
terminal voltage of the laser. The SP technique is comparable to con-
ventional THz imaging approaches8,10,11,13,14 and captures the main
features of the target. Both SP and SM imaging techniques are based
on self-detection where the laser is used as the high speed and highly
sensitive detector. However, SM imaging typically requires modu-
lation of laser current or modulation of external cavity parameters,
such as target movement or target reflectivity. In contrast, SP imag-
ing requires only a fixed current, and no modulation of the external
cavity parameters is required. Thus, SP imaging is highly suitable for
the recently demonstrated THz QCL operating at high temperatures
close to 250 K, which has a very limited current operation range
and frequency chirp, mode hops, and evolution of the beam pro-
file occurring with current sweep.6 Moreover, SM imaging is usually

FIG. 5. Experimental THz imaging of a section of a ruler by using self-pulsations
with a square driving current pulse train. The image is obtained from the amplitude
of the strongest frequency component in the spectrum for each pixel.

operating under weak feedback where the SM signal amplitude is
proportional to the feedback coupling coefficient,25 while SP imag-
ing works primarily under moderate and strong feedback conditions
where external cavity modes appear and the SP dynamics are clearly
pronounced.

In this work, we proposed a new imaging modality for THz
QCLs based on the SP phenomenon. This scheme has the distinct
benefits of self-detection, which eliminates the need for an external
detector, and operates only at a single fixed current, meaning that it
is eminently suitable for high temperature devices. We explored the
theoretical oscillation properties of the SP scheme and demonstrated
its suitability to perform imaging experimentally. This imaging
modality is not restricted to THz QCLs and thus presents an oppor-
tunity for a range of applications in other parts of the spectrum. The
SP dynamics has been reported in mid-infrared QCLs20,26,27 and LDs
in the short cavity regime.28 Furthermore, the SPs in single-mode
THz QCLs investigated in this work also helps the understanding
of multi-mode OF dynamics in exotic laser structures, such as in
compound cavity lasers,29 or under ultrafast driving current mod-
ulation, such as in active mode-locked THz QCLs30,31 or random
THz QCLs with multiple elastic scattering and rich interference of
light wavelets.32
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