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Abstract: Self-mixing interference in a terahertz quantum-cascade laser has been demon-
strated to be suitable for the detection of weak signals scattered or reflected by the target.
This technology has achieved the high-sensitivity detection of complex refractive indices,
surface/interface morphologies and molecular feature spectra. Here, a set of terahertz
quantum-cascade lasers with different lasing frequencies is used to inspect a tiny amount
of powder concealed inside a polytetrafluoroethylene tablet by using self-mixing interfer-
ometry combined with the penetration properties of terahertz waves. Multicolor spectral
images were acquired, which were synthesized by absorption contrast images obtained at
different lasing frequencies. They enable the detection of the spatial distribution of hidden
objects which are totally opaque in visual light and allow for them to be identified with
spectral absorption characteristics. Self-mixing interference technology can also obtain
phase information when a terahertz wave interacts with a tablet, showing the difference
between the hidden object and surroundings from another dimension. Our research may
provide a strategy for the development of terahertz multispectral imaging technology for
the inspection of hidden trace residues.

Keywords: self-mixing interference; multicolor imaging; quantum-cascade laser; coherent
detection

1. Introduction

Optical detection has a significant capability to carry out rapid standoff sensing
without the need for sampling [1], non-destructive inspection [2-5] and the identification of
substances through spectroscopic characteristics [6-8]. In the terahertz (THz) region, THz
optical detection can take advantage of the unique properties of the interaction between a
THz wave and matter. It can induce the THz photon resonance absorption of molecular
vibrations and dipole rotations, providing information about the composition, structure
and function of molecules, which is not achievable in other electromagnetic regions. This
means that THz waves can penetrate into non-conductive and non-polar materials which
have no complex permittivity changes. Recent advancements in THz technology have
revolutionized the way hidden objects are inspected [9,10], which may be useful in military
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and security scenarios for the examination of concealed hazardous substances. In addition,
THz spectroscopy provides ‘fingerprint” spectra for various materials, allowing for their
identification and characterization, such as explosives, drugs, biological tissues, DNA, RNA
and protein macromolecules [11-15].

The challenge for THz detection and spectroscopy is to measure the weak THz signals
that penetrate through or are reflected from the analytes. Many approaches have been
proposed to enhance the interaction between THz waves and analytes, such as photonic
crystal fibers [16], grating waveguides [17], metamaterials [18,19] and so forth. At present,
engineered metamaterials have been demonstrated to utilize the resonant interaction to
achieve fast, spectrally selective and highly sensitive detection in the THz band. However,
one of the primary challenges for the development of metamaterials lies in the complexity
of their design and manufacturing due to the requirements of precise engineering at the
nanoscale, which can be both time-consuming and costly [20]. In addition, they face
limitations in terms of coherent detection, and sensitivity and accuracy for distinguishing
and identifying different trace-amount substances in complex systems still need to be
promoted [21].

Another promising coherent detection method for highly sensitive spectroscopy can
be realized by exploiting the self-mixing (SM) effect in THz quantum-cascade lasers (QCLs).
The SM interference occurs in the QCL cavity where the intracavity THz wave interferes
with a wave that has been reinjected into the laser cavity after interacting with a tar-
get [22,23]. The THz-QCL acts as an oscillator, a mixer and a detector. The THz-QCL
SM interferometric system has the most compact configuration, as it needs no external
detector. It has been demonstrated that the detectable power using the THz-QCL SM
scheme is several pW [24], making it suitable for the detection of intrinsically weak scat-
tered signals. The SM signals characterize changes in the electric field in the laser cavity,
being highly sensitive to the sample complex refractive index [25,26], and reconstructing
surface/interface morphology with a high-depth resolution [27,28]. In addition, the THz
gas spectroscopy of compound molecules, such as DO, CH30D and CH30H, has been
carried out with a high spectral resolution by tuning the laser’s frequency range [29-32].
Limited by the performance of lasers and the complexity of SM interference theory, the
detection of THz-QCLs using SM usually operates in a single longitudinal mode or scans
within the range of a few GHz [29-31]. This loses the ‘fingerprint’ spectra of terahertz
waves which are used to analyze materials.

In this work, we use THz-QCL SM interferometry to acquire multicolor images of
a tiny amount of powder sealed inside a polytetrafluoroethylene (PTFE) tablet. The SM
interferometry system is set up using three THz QCLs, switching to different frequencies
to obtain the spectroscopic characterizations of the substances under concealment. Our
spectroscopy and imaging system can achieve the identification of different substances
with concentrations of 1.41 wt%, and can elucidate their spatial distributions in opaque
substances. Our research is helpful for the development of THz multispectral imaging
technology for use in the application of hidden trace residue inspection.

2. Physical Model and Experimental Setup
2.1. Self-Mixing Interference Theory

A theoretical modeling of SM interference is to regard the target as a reflector with a
fixed reflection coefficient. Together with the end faces of the laser, a three-mirror model
is established. The relationship between the laser’s dynamic parameters and the external
target can be obtained by analyzing the influence of external feedback light on the dynamic
stability of the laser.
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Figure 1a shows the three-mirror model of SM interference, where M; and M, represent
the mirrors corresponding to the end faces of the laser, and Mey; represents the external
sample. The stable operation of the laser requires periodic conditions

Eo = Egraexp(—iBL) + Egto?rextexp(—iBL—i2BoLext), (1)

where 17 and 7,y are the reflection coefficients of My and Meyt, 2 represents the transmission
coefficient of the laser end face, § and By are the wave vectors inside and outside the cavity,
Ey is the initial electric field intensity of the laser in the cavity, L and Ley; are the lengths of
the laser cavity and the external cavity and n, and 7 are the refractive indices inside and
outside the laser cavity.
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Figure 1. SM interference principle and optical path diagram. (a) SM interference three-mirror model;
(b) SM interference detection diagram. DAQ: data acquisition, PC: personal computer, OAP: off-axis
parabolic reflector; (c) experimental device photo.

If M, and Mey; are regarded as an equivalent mirror Mg, whose equivalent reflection
coefficient is 7. [33], then

Eoregexp(—ipL) = Egraexp(—ipL) + EOtzzrmexp(—iﬁL—iZﬁOLm), 2)
the equivalent reflection coefficient can be expressed as
Tef =712 + t22rextexp(*i2,30Lext)/ 3)

Replace the reflection coefficient of the laser output end face during free-running with
refr, bring in the laser gain coefficient during free-running go = as + In(1/7172)/L (where as
is the loss coefficient) and consider that the feedback light intensity is much smaller than
that in the cavity. We can obtain the difference between the gain coefficient of the laser
when it is stable with optical feedback and when it is free-running [34]

Ag=gc — g0 = —In(1 + Kexrcos(27tfText)) /L, (4)
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where Keyt = Text(1 — 122)/72 << 1 represents the external cavity coupling coefficient, f
represents the laser’s lasing frequency under optical feedback and Teyt = 211¢Leyt /¢ represents
the propagation time of light in the external cavity. Since the external cavity coupling
coefficient .y is a small quantity, which can be simplified by Taylor expansion and taking
the first-order term, then Equation (4) can be simplified to

Ag = —Kextcos(znfText)/L/ )

This change in gain coefficient affects the stability condition of the laser, thus affecting
the inversion particle number density N. For semiconductor lasers, the terminal voltage is
proportional to N. Therefore, under the condition of optical feedback, the laser terminal
voltage will change from V to V, in which

V — Vo = Vsy = Ccos2tfTexs), (6)

Vsm is the SM voltage signal. Where C is the feedback coefficient [35], which is related to
the photon lifetime in the cavity 7,, the photon density is Sp and the group velocity of the
laser is vg and xeyt. C can be expressed as

C=text (1+ 1/vg SoTn(ag/aN))/go, (7)

In this formula, except for x.y¢, all other parameters are the fixed parameters of the
laser. Therefore, in the case of weak feedback, the amplitude of the SM signal is proportional
to the reflection coefficient of the target [35]. The reflection condition of the target can
be directly inferred by the intensity of the SM signal. In fact, all changes in electric field
propagation in the external cavity are attributed to 7.y and L,y in the three-mirror model.
If there is additional absorption in the optical path, it will be equivalent to a decrease in
text. If the electric field obtains an additional phase when reflected by the target, it will
be equivalent to a change in Leyt. Therefore, it is possible to infer the situation when light
interacts with external objects and obtain the optical information of the target by analyzing
the amplitude and phase of the SM signal.

In order to obtain a complete SM waveform to obtain the amplitude and phase, it
is necessary to modulate the SM interference. Traditional SM modulation is achieved
by changing the optical path length. Every time L.y changes half of the wavelength,
an SM signal cycle will be obtained. This modulation method is relatively stable, but
the detection efficiency is limited by the speed of mechanical movement. By changing
the laser’s lasing frequency, the phase in Equation (6) can also be modulated [36]. The
modulation of frequency can be achieved by adjusting the refractive index of the laser itself.
The lasing of the laser must meet the standing wave condition

f=ke/2nyL, 8)
where k is an integer. When the refractive index changes, frequency changes by
Af = Angke/(2n°L), )

np can be changed by adjusting the carrier density. By changing the excitation current of the
laser, the carrier density can be adjusted to achieve the modulation of frequency, thereby
obtaining a complete SM periodic signal.
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2.2. Acquirement of SM Interference Signal

The schematic diagram of the imaging device is shown in Figure 1b. Light emitted
by the THz-QCLs is collected and collimated by an off-axis parabolic reflector, and then
transmitted to a second off-axis parabolic reflector through a pair of vertically placed plane
mirrors to be focused on the target. After being reflected or scattered by the target, the light
is reinjected back into the laser cavity through the original path. The number of oscillation
periods of the SM signal depends on the optical path length, which can be changed by
varying the distance between the pair of plane mirrors and the QCL laser facet. According
to Equation (6), the longer the optical path, the more complete cycles are presented on the
SM signal.

In this work, three THz-QCLs with different lasing modes were used for multicolor
imaging, with center frequencies of 2.5 THz, 3.3 THz and 4.2 THz. The schemes of the active
region are all resonant phonons, with a Fabry—Pérot cavity in a semi-insulating surface
plasmon waveguide [37]. They were placed side by side in a helium-flow cryostat and run
at 30 K, 45 K and 30 K, respectively. The optical path was positioned on different lasers
by adjusting the position of the first OAP. Their lasing spectra are shown in Figure 2d.
Self-mixing signals were obtained by driving current modulation. As shown in Figure 2a,
the self-mixing voltage signal shows periodic oscillations as the current increases. In certain
cases, the amplitude and width of the periodic signal will change due to the mode hopping
of the THz-QCLs. When the current increases, the power of the laser increases, leading to
changes in the intensity of the reinjected field back into the laser cavity. Thus, the lasers
will stabilize in new states. This leads to amplitude changes and mode jumps, which are
manifested in the SM interference signals. To acquire a sinusoidal-like periodic SM signal,
we selected 0.62-0.67 A, 0.73-0.85 A and 0.55-0.62 A as the current modulation range for
THz-QCLs with frequencies of 2.5 THz, 3.3 THz and 4.2 THz, respectively.
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Figure 2. The operating performances of the three THz-QCLs used in this paper. (a) The curves of the
SM voltage signal changing with the driving current; (b) the voltage variation in THz-QCLs (3.3 THz)
in free running and with optical feedback when loading sawtooth modulation; (c) SM voltage signals
under sawtooth modulation; (d) the lasing spectra of the THz-QCLs.
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For measurement, a sawtooth current signal with the selected variation range was
loaded on the THz-QCLs at 1 kHz to achieve efficient voltage signal modulation. Due to
the volt-ampere characteristic, the terminal voltage of the THz-QCL will also respond in a
sawtooth waveform, regardless of whether the optical feedback exists or not. Figure 2b
shows the modulated voltage variation in working states of free running and optical
feedback as dashed and solid lines, respectively. Specifically, it can be observed that a weak
SM signal is superposed on the sawtooth voltage due to the optical feedback, as shown in
the inset of Figure 2b.

To acquire the SM signal, the voltage signal of the laser for free running was subtracted
from the voltage signal under optical feedback to eliminate the effect of the volt-ampere
characteristic. Figure 2c gives the SM signals of the three THz-QCLs within their respective
current modulation ranges. There exist 2, 4 and 4 complete cycles in the oscillation curves
of QCLs for 2.5 THz, 3.3 THz and 4.2 THz, respectively. This was achieved by setting the
total optical path length at 67.5 cm.

2.3. Sample Preparation

A tiny amount of glucose and copper oxalate powders were squeezed into tablets
formed by pure polytetrafluoroethylene (PTFE) powder. The concealed objects of glucose
and copper oxalate powders were prepared with random distributions, which are totally
opaque in visual light. When preparing the sample, first take 300 mg of PTFE powder
and press it to form a tablet, with a diameter of 13 mm by applying a pressure of 15 MPa
for 10 min. Sprinkle 2 mg of pure glucose powder on this PTFE tablet which is pressed
again for 10 min. The resulting sample is shown in Figure 3e. It is covered by another
300 mg of PTFE powder and pressed for another 10 min finally to form a PTFE tablet of a
total weight of 602 mg with 2 mg glucose hidden inside. Optical photos taken from both
sides of the tablet are shown in Figure 3a,b. The glucose inside can no longer be observed.
Using the same method, a tablet for PTFE with 1 mg copper oxalate inside was prepared. It

has a weight of 601 mg. Optical photos in the front, back and internal view are shown in
Figure 3c,d f.

—— Glucose/PTFE
~ Copper Oxalate/PTFE

S
(=]
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90
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Figure 3. The preparation and characteristics of the samples. (a,b) A front and back optical photograph
of a PTFE tablet containing glucose; (c,d) a front and back optical photograph of a PTFE tablet
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containing copper oxalate; (e) an optical photograph of glucose inside the tablet; (f) an optical
photograph of copper oxalate inside the tablet; (g) the transmission spectra of PTFE, glucose and
copper oxalate and the relative transmittance of the two powders compared to PTFE.

The terahertz absorption spectra of the three powders used in the experiment mea-
sured by Fourier-transform infrared spectroscopy (VERTEX 80v, Bluker, Massachusetts,
United States) are shown in the left panel of Figure 3g. PTFE has a weak absorption across
the measured band, without any obvious characteristic absorption. Glucose has a similar
transmission spectrum to that of PTFE, except for stronger absorption, especially in the
lower frequency range. Compared with PTFE and glucose, the transmission spectrum of
copper oxalate shows strong absorption around 3.4 THz. In order to simulate the transmis-
sion spectral intensity contrast of the tested substances, i.e., glucose and copper oxalate,
in the sample tablets, the spectral intensities of these two substances relative to PTFE
were calculated and are plotted in the right panel of Figure 3g. It can be recognized that
these tested substances exhibit totally different absorption characteristics at three selected
frequency points.

3. Results

The measured signals based on SM interferometry with three THz frequency points
were used to present the absorption contrast wherever the focused THz beam scanned the
sample. The scanning step of each dimension was 200 pm. For each QCL, imaging took
about 20 min with 75 x 150 pixels. The SM signal obtained for each pixel was processed by
fast Fourier transform to obtain its amplitude and phase. The amplitude images are shown
in Figure 4a—c for lasing frequencies of 2.5 THz, 3.3 THz and 4.2 THz, respectively. In these
images, the left panels depict the sample with glucose concealed, and the right ones present
the sample with copper oxalate inside. Compared with the images taken at 4.2 THz, images
of the hidden glucose and copper oxalate at 2.5 THz and 3.3 THz show much clearer spatial
distributions, indicating relatively stronger absorption. The absorption contrast of glucose
decreases as lasing frequency increases. For copper oxalate, it shows high-contrast imaging
at 3.3 THz, with lower and lowest contrasts at 2.5 THz and 4.2 THz, respectively. This
originates from its characteristic absorption around 3.4 THz. Furthermore, for the images
at 2.5 THz and 4.2 THz, it can be observed that the absorption of glucose is stronger than
that of copper oxalate. However, a converse situation occurs at 3.3 THz. All the absorption
properties manifested in detail with variation in lasing frequency, and in differences at each
lasing point are consistent with the sample absorption spectra shown in Figure 3g.

In Figure 4a,c, interference-like patterns can be observed in the pure PTFE area, which
originates from the interference between the reflected light from the front and back surfaces
of the tablet. The second OAP in the optical path focuses the light onto the back surface of
the sample while also collecting the reflected light from the back surface and injecting it
back into the laser. The front surface deviates from the focus; only a small amount of its
reflected light is injected into the laser. However, the reflected light from the back surface
will be absorbed by the sample. When it decays to the same level as the intensity of the
light that is reflected by the front surface and injected into the laser, they will be injected
back into the cavity after coherent superposition, and interference fringes will be generated
as the tablet thickness changes [28]. Short wavelengths are more sensitive to thickness
changes, so the interference fringes in Figure 4c are denser than those in Figure 4a. As
can be seen from Figure 3g, the transmittance of PTFE at 3.3 THz is extremely high, so the
fluctuations caused by the interference between the front and back surfaces are relatively
small, so that no interference-like patterns can be observed in Figure 4b.
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Figure 4. The results of scanning the sample using THz-QCLs with three frequencies: (a) 2.5 THz;
(b) 3.3 THz; (c) 4.2 THz; (d) a synthesized multicolor image.

To acquire a multicolor spectral image, images measured at 2.5 THz, 3.3 THz and
4.2 THz are used to make a synthesis. Based on RGB mode, red, green and blue colors are
assigned to the amplitude images acquired at 2.5 THz, 3.3 THz and 4.2 THz, respectively.
The synthesized multicolor images for glucose and copper oxalate samples are shown in
Figure 4d, and exhibit the distribution patterns of hidden substances in tablets, as well
as identify them by color. Glucose has different absorption extents within the frequency
range of measurement, with relatively stronger absorption at 2.5 THz. Thus, the red-
colored area appears for obvious reasons, indicating the existence of glucose. Some white-
colored pixels are shown inside the red area, which implies information of a relatively high
glucose content exhibiting absorption characteristics across all frequency points. Obviously,
the green-colored area indicates the existence of copper oxalate due to its characteristic
absorption. The areas of pure PTFE remain blue due to its high-transmittance feature
within the measurement frequency band.

As a coherent detection technology, the SM signals also provide a complex refractive
index and thickness variation information on the tested objects by analyzing their phase
values. The phase images are shown in Figure 5a—c for lasing frequencies of 2.5 THz,
3.3 THz and 4.2 THz, respectively. Here, the non-uniformity of the concealed substances’
thickness plays a dominant role in phase variation. The content of glucose is twice that of
copper oxalate. From the perspective of THz inspection, it seems that between the foreign
matters in the PTFE, the region of glucose is thicker than that of copper oxalate. This leads
to an additional phase that can be captured by analyzing the phase variation in the SM
signals. This corresponds to the pattern distribution of glucose being clearer than that of
copper oxalate as shown in the phase images. However, this pattern property of phase
images is not dependent on the lasing frequency. The change in the absorption coefficient
of the sample will have a greater impact on the phase than the change in the topography of
these samples.
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Figure 5. Phase images obtained by scanning the sample using THz-QCLs at three frequencies:
(a) 2.5 THz; (b) 3.3 THz; (c) 4.2 THz.

4. Discussion

Detection limit is an important factor for a substance identification system. Here, the
1/€? diameter of the beam spot at the focus point is about 200 um, corresponding to a spot
area of 0.03 mm?. According to Figure 3ef, it can be calculated that the areas occupied by
the glucose and copper oxalate powders are 25.67 mm? and 15.45 mm?. Combined with
their total mass, the average mass of each powder in a single beam spot is calculated to
be 2.34 pg and 1.94 ug, with the concentration being about 1.69 wt% and 1.41 wt%, which
means that this system has at least microgram-level substance detection capabilities.

In this paper, the frequency changes of hundreds of MHz for each THz-QCL are
induced by modulating the current, which is used to quickly obtain the self-mixing interfer-
ence signal. Since solid samples usually have a wide absorption spectrum [38], this small
frequency shift has no effect on the measurement. For gas molecules with narrower absorp-
tion linewidths, self-mixing interference technology based on current modulation has been
demonstrated to have the ability to obtain gas absorption spectra [29-32]. This paper uses
an arbitrary function generator (DG1022Z, ROGIL, Suzhou, China) to provide a modulation
signal for the current source (QCL2000, Wavelength Electronics, Bozeman, United States)
used for driving the THz-QCLs. The resolution of the arbitrary function generator is 0.1 mV,
which is converted into a current change of 0.04 mA by the current source. The frequency-
current modulation coefficients of the three THz-QCLs are —6.2 MHz/mA, —5.1 MHz/mA
and —14 MHz/mA, so the minimum frequency accuracy that can be reliably resolved by
this system is 0.2 MHz.

THz multispectral detection can also be achieved by THz frequency combs [39]; how-
ever, there are great challenges in the design of active regions, material growth and prepara-
tion processes of frequency comb sources [40,41]. Only a few laboratories have the capacity
to manufacture frequency comb sources in the terahertz band [42—44]. They also needs
sophisticated optical systems and a high-performance detectors to extract information from
each comb [13,45]. THz frequency combs can also be achieved by self-mixing, but complex
spectral extraction and reconstruction techniques are also required [46]. In contrast, our
self-mixing interferometric system only uses general THz-QCLs [37] with a simple optical
system, which makes this technique more conducive to practical application.

5. Conclusions

Based on laser self-mixing interferometry technology, we used THz-QCLs to demon-
strate a new multicolor imaging method in the THz band. This imaging method can
simultaneously obtain the intensity and phase images of the target object. By combining
several THz-QCLs with different lasing frequencies and taking advantage of the pene-
trability of terahertz waves and the high sensitivity of SM detection, it can achieve the
spatial differentiation and material identification of trace foreign matter inside an object,
which provides new ideas for the application of terahertz waves in material identification.
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It is expected to achieve SM interferometric hyperspectral imaging in the THz band by
integrating several GaAs/AlGaAs-based THz-QCLs with different frequencies.
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Abbreviations

The following abbreviations are used in this manuscript:
SM Self-mixing

THz  Terahertz

QCL  Quantum-cascade laser

DAQ  Data acquisition

PC Personal computer

OAP  Off-axis parabolic reflector

PTFE Polytetrafluoroethylene
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