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The possibility of using quantum cascade lasers for terahertz absorption
spectroscopy of samples of biological origin
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The extension of high-resolution gas spectroscopy in the terahertz range is associated with developing tunable
highly stable sources of radiation, for instance, quantum cascade lasers. The paper presents the results of examining
the possibility of using a quantum cascade laser (3.8 THz) to study a mixture of vapors and products of thermal
decomposition of biological fluid (urine). Examples of measuring the lines of water and isocyanic acid that lie
within the quantum cascade laser tuning range are given. The presented results demonstrate the prospects of using
the quantum cascade laser to create a line of lasers for studying biological samples.
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Due to peculiar features of terahertz (THz) radiation
and its interaction with matter, the number of publications
related to the THz radiation application in biology and
medicine is currently growing. Those publications are
mainly devoted to THz time-domain spectroscopy [1], as
well as to creating THz-imaging systems and using them
to visualize pathologically altered tissues [2,3]. However,
a promising approach for diagnostic purposes is metabolic
analysis [4] with identifying characteristic absorption lines
of metabolite-markers for pathological conditions in the
spectra of biological samples under study. This approach
is being developed at IPM RAS by using the methods
of non-stationary terahertz gas spectroscopy and is being
successfully applied, e.g., in the THz range low-frequency
part for studying biological fluids (urine, blood), tissues
(organ tumors), etc. [5]. For the higher frequency range,
the results of spectroscopic studies of biological fluids
(including urine) have not been yet reported in literature.

Lines of the substance rotational absorption spectrum
lie in the frequency range overlapping the intervals from
a few GHz to several THz and have different intensities
in different parts of the spectrum. For example, integrated
intensities of the isocyanic acid absorption lines in the
2-mm range are about 1073027710733 nm?. MHz
(131-164 GHz); with increasing frequency, the integrated
intensities increase and reach the maximum in the
THz range of 107%9%83-10-172%ym?. MHz (near
2.623—-2.667 THz) [6,7]; therefore, in detecting individual
compounds, transition to the terahertz frequency range
allows increasing the sensitivity of detecting the substances
contained in the gas mixtures under study.

To move into the higher frequency range and make
it possible to use high-resolution spectroscopy, narrow-
band tunable radiation sources are required. Promising
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sources of THz-range radiation are quantum cascade lasers
(QCLs) [8]. QCLs are unipolar semiconductor lasers based
on intersubband optical transitions in heterostructures. They
are able to operate both in the continuous and pulsed modes
and provide sufficiently high power required for applications
where such sources may be used (e.g. spectroscopy and its
application in various fields, such as medicine, biology, THz
imaging, wireless communications, etc.). In the infrared
range, QCLs operate at room temperature and serve as
radiation sources for medical and biological research (e.g.
in studying exhaled air of patients with socially significant
diseases: type 1 diabetes mellitus, pneumonia, asthma) [9].
In the THz range, QCLs operate under cryogenic cooling;
therefore, spectroscopic studies with QCL-based radiation
sources are more complex and are being developed much
slower [10].

The goal of this work was to examine the possibility of
using a terahertz QCL as a radiation source for studying a
biological fluid (urine).

As the radiation source, a pulsed QCL with the res-
onant phonon design based on three quantum wells per
heterostructure period was used [11]. Laser stripes 172 um
wide and 2 mm long with a surface-plasmon waveguide [8]
and Fabry—Perot cavity on cleavages were obtained from
an molecular-beam epitaxy-grown heterostructure with an
active region about 10 um thick. Frequency characteristics
were investigated in [12] by using a high-Q Fabry—Perot
cavity. All the measurements were performed at 7 = 10K.

Fig. 1,a presents typical emission spectra of two QCL
samples fabricated in a single production process on a
single substrate; the spectra contain lines corresponding
to several longitudinal modes of the laser Fabry—Perot
cavity near 3.8 THz. Since the laser operates on diagonal
optical transitions between the quantum confined levels in
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Figure 1. ¢ — emission spectra of two QCL samples, » — schematic diagram of the spectroscopic setup based on the terahertz QCL
(vertical arrows represent THz radiation, black horizontal arrows indicate feeding and evacuation of the gas mixture under study), ¢ —
a photograph of the spectroscopic setup with individual blocks. / — pulse power supply, 2 — QCL, 3 — cryocooler, 4 — measuring
cell, 5 — gas mixture inlet system, 6 — vacuum pump station Pfeiffer HiCube 80 Eco with a nitrogen trap (6a), 7 — pressure sensor,

8 — Schottky diode detector, 9 — oscilloscope.

adjacent quantum wells, oscillation frequencies of the used
QCL may be slightly adjusted to the absorption line of the
studied gas by varying the applied voltage/QCL current
based on the well-known effect of the mode frequency
»pulling” [13]. During the pulse, the mode frequency tuning
rate is about 500 MHz/us [12], which allows sweeping the
radiation frequency when one of the modes passes through
the studied gas absorption line.

Since QCL can operate in many frequency ranges
(Fig. 1, a), prior to measurements it was characterized at

the testbench developed earlier at IPM RAS [14]. The
test showed that under the specified conditions the laser
operating frequency is about 3.80 THz.

After that, there was created a laboratory model of the
setup for spectroscopic measurements of multicomponent
gas mixtures of biological origin (exhaled air and vapors
of biological fluids) (Fig. 1,5, c). QCL was installed on the
plate of a closed-loop optical cryostat (a Gifford—McMahon
helium refrigerator); the measurements were carried out
at the cryostat temperature of 10K. As the detector, a
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Schottky diode was used [11]. The QCL radiation pulses
were about 7.5 us long at the repetition rate of 1kHz.

Test measurements were carried out using as an example
the 3.7983 THz water vapor absorption line (with the central
frequency f .., = 3798281.638 MHz as per the catalog [7]).
The results of test measurements of the 3.7983 THz water
line at various pressures (0.001—3.1 mbar) are shown
in Fig. 2. The cell was first evacuated with vacuum pump
Pfeiffer HiCube 80 Eco to the pressure of 10~% mbar and
then filled with water vapor to various pressures. To prevent
excess water vapor from entering the pump, a nitrogen
trap was placed between the cell and pump (Fig. 1). The
detector recorded, in the direct detection mode, the signal
that has passed during the pulse through the cell containing
the studied gas, which ensured coverage of the relevant
frequency range of molecules’ interaction if their absorption
lines fall within it. Actually, during the pulse the frequency
retuning takes place, however, since it is highly uneven, the
abscissa axis is left in the time domain.

Sensitivity of the model laboratory spectrometer allows
for detecting gases at pressures not lower than 1 mbar.

Biological samples were studied by using a previously
developed sample preparation technique that has been
successfully applied in measurements in the 2-millimeter
range; the technique involves cryogenic dehydration of the
sample and subsequent heating of the residue along with
introducing the residue vapors and thermal decomposition
products into the measuring cell [15].

Test measurements of the biological fluid (urine) vapors
were carried out. Preliminary measurements of urine vapors
and thermal decomposition products performed in the
2-millimeter wavelength range on a fast frequency sweep
spectrometer with a radiation source based on a backward-
wave oscllator (118—175GHz) [16] revealed characteristic
substances contained in urine samples under heating at an
operating pressure of about 0.05—0.1 mbar. Any urine sam-
ple (taken from conditionally healthy volunteers, patients
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Figure 2. Test measurements of the water line with central
frequency of 3.7983 THz for different measuring cell pressures.
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Figure 3. The spectral range containing the HNCO absorp-

tion line with the experimentally obtained central frequency
fexp =3.802THz in a mixture of urine vapors and thermal
decomposition products at the cell pressure of 1 and 2 mbar.

with adenoma, patients with prostate cancer) exhibits lines
of isocyanic acid (HNCO). The HNCO spectrum is known
and presented in catalogues [6,7]; the lines indicated in [6]
and actually recorded by the 2-mm range spectrometer are
envelopes of series of lines given in [7] which are closer
than allowed by the resolution of a high-resolution non-
stationary spectrometer at the operating pressure and room
temperature; this is caused by line spreading due to the
pressure of the studied gas mixture in the measuring cell
and Doppler broadening.

The QCL tuning range includes the HNCO absorp-
tion line. Fig. 3 presents an example of record-
ing the HNCO absorption line near 3.802THz (with
the following spectroscopic characteristics: central fre-
quency f.or = 3802074.9669 MHz as per catalogues,
lgl = —1.2609 (where I[nm?-MHz] is the integrated
line intensity) for the transition characterized by quantum
numbers 20, 3, 18 «— 21, 2, 19 [6]) in the mixture of vapors
and thermal decomposition products of urine taken from a
conditionally healthy volunteer.

Recording the two above-mentioned absorption lines of
water and isocyanic acid and knowing the absorption spec-
tra of these substances in the THz range from catalogues,
as well as knowing the approximate QCL tuning limits,
allows confirming the QCL tuning limits independently of
measurements obtained on the testbench (measuring cavity).

Based on the results of spectroscopic studies, we may
conclude that it is possible to detect the substances’ absorp-
tion lines lying in the QCL tuning range, e.g. those of some
biologically significant molecules contained in vapors and
thermal decomposition products of biological fluids (urine).
Later this approach may be used to detect molecules whose
spectral lines lie in this part of the THz range, including
those of samples of biological origin. And, although retuning
of an individual QCL is insignificant (+2GHz for QCL
under study), the QCL generation range is determined
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by the QCL heterostructure design (thicknesses of the
heterostructure layers), and it is possible to create a line
of QCLs operating in the ranges containing absorption lines
of significant metabolite markers.

The results presented demonstrate the potential of em-
ploying QCLs in studying vapors and thermal decompo-
sition products of biological samples, which shows the
possibility of using this approach for medical applications.
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