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Pulsed tunable quantum cascade laser in the spectral range of

9.6−12.5 µm
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A pulsed quantum cascade laser tunable in the spectral range of 9.6−12.5 µm is presented. The maximum

pulse power is 199.8 mW, the maximum average power is 7.57mW, the tuning step is 2 cm−1 and the spectral line

width is 2 cm−1 . The schematic diagram of the quantum cascade laser, the main components and their technical

characteristics are described. The quantum cascade laser, a multi-pass Herriott gas cell with an optical path length

of 76m, and two mercury-cadmium-telluride thermoelectrically cooled photodetectors comprise an experimental

setup intended for gas absorption infrared spectroscopy. The transmission spectra measurements of an acetone

mixture at 100 ppm concentration in nitrogen are reported.
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Introduction

A quantum cascade laser (QCL) is a unipolar laser

that emits mainly in the infrared (IR) or terahertz range

due to the electron transition between energy levels in

quantum wells in the conduction band inside the ac-

tive region [1]. The active region is a semiconductor

heterostructure (superlattice), in which potential barriers

alternate, for example from InAlAs, and quantum wells, for

example from InGaAs [2,3]. Modern methods of growing

heterostructures, such as molecular beam epitaxy, allow

creating arbitrary structures for a specific application [4].

QCL have a high average radiation power at room tem-

perature; a wide adjustment range (more than 900 cm−1)
with a tuning step of no more than 1 cm−1, high en-

ergy efficiency (efficiency> 10%), compactness, reliability,

stability [5]. All these properties allow the use of QCL

in compact devices. There are various designs of the

QCL resonator, such as the Fabry−Perot QCL that are

multimode and at the same time have a higher output

power [6], a distributed feedback laser (DFB) for single-

mode operation [7] and QCL with an external cavity

(EC) [8], where wavelength selection is usually carried out

using an external diffraction grating (Littrow configuration).

QCL can be used to create technical tools for solving

a wide range of applied problems in spectroscopy, safety,

ecology and biomedicine [9]. The active use of QCL

with a wide range of restructuring is presented by Block

Engineering. This company presents on the market devices

consisting of several
”
mini-QCL“ covering various spectral

ranges, which are compact modules 1 cubic inch in size

and the weight is 75 g. The width of the tuning range

is more than 1100 cm−1 with an average output power

of 0.5 to 15mW [10].

The results of the identification of various chemical

and explosive compounds [13] using diffuse reflectance

spectroscopy are provided in Ref. [11,12]. The substance

is located on various substrates, both natural and artificial,

in a solid or liquid state. The laser radiation in the

range 5−12µm falls on the substance. The radiation

reflected by the substance and the substrate is collected

using focusing lenses on a Mercury Cadmium Telluride

(MCT) photodetector cooled by a cascade of Peltier ele-

ments. Then the substances are identified by the reflectance

spectrum [14,15].

The results of the detection of trace amounts of various

chemicals, including explosives, using QCL with an external

cavity in the range 7.7−11.8µm are presented in Ref. [16–
19]. The radiation moves along the plane, and using an IR

camera with a spatial resolution of 70µm, a hypercube with

a size of 128 × 128 pixels and a depth of 130 wavelengths

is filmed. Thanks to the high-speed camera, the hypercube

is recorded in 0.1 s. The mass of 100µg of caffeine was

detected at a distance of 5m [16], 100µg of saccharin

was detected at a distance of 25m and trace amounts

of pentaerythritol tetranitrate were detected at a distance

of 0.1m [19]. The detection limits of [17] for pentaerythritol
tetranitrate were 6 ng per pixel. Mathematical methods

for modeling hypercubes, which can be used to refine

identification algorithms, are presented in Ref. [18]. The

results of identification of biological objects on various

surfaces, which demonstrates the possibility of creating a

biological protection device based on QCL are presented in

Ref. [10,20].

456



11th International Symposium on Optics and Biophotonics September 25–29, 2023, Saratov, Russia 457

1 2

3

4

5

6 7

Figure 1. Appearance of the QCL. 1 — QCL chip; 2 — thermoelectric controller for controlling the Peltier element; 3 — diffraction

grating; 4 — inclined platform; 5 — rotary motor; 6 — QCL chip control board; 7 — aspherical lens.

Diffuse reflectance spectroscopy is used to study biologi-

cal tissues. This can help both in the development of non-

invasive methods for the cancer cells analysis inside the

human body [21,22], and for the skin lesions study [23].

There are also many studies of glucose in human blood

in vivo using QCL [24]. Various QCL configurations are

used for this purpose. A standard deviation of glucose

concentration of 17.5 mg/dl was obtained by fiber laser

spectroscopy using a distributed feedback laser with a

wavenumber of 1031.0 cm−1 with a power of 1.0mW and

a pulse duration of 50 ns compared with glucose measure-

ments in vitro [25]. A measurement error of 20mg/dl [26]
was obtained using a laser with an external cavity in the

range 890−2020 cm−1 with a peak power of 500mW and

a pulse duration of 400 ns.

Infrared spectroscopy is one of the most common

methods of studying protein reactions at the atomic level.

The appearance of QCL allows for rapid monitoring of the

reaction in the microsecond time domain, which could not

be achieved using Fourier spectrometers [27]. QCL also

have a higher power density and can be used to study wide

protein layers [28].

Powerful lasers are of particular interest (with a power

of 1 W). There are QCL with a wavelength of about 8µm,

presented in Ref. [29,30], as well as QCL with wavelength

of about 8.5µm [31].

Currently, one of the most effective methods of identify-

ing gases along long paths is the use of FTIR spectrometers

with which can be applied as safety equipment at facilities

with a large number of people or at production sites [32,33].
As an alternative, the results of the identification of freon

sprayed on a route with a length of 310 and 562m using

QCL are presented in Ref. [34]. The laser beam has a low

divergence unlike broadband globars, which allows using

a system of reflectors to realize an absolutely arbitrary

beam movement inside an object to improve the quality

of monitoring chemical contamination compared with FTIR

spectrometers.

QCL makes it possible to identify a small amount of

a substance (ppb units) in a wide spectral range, on

which the number of identified substances depends. For

example, the results of identification of 22 ppm acetone

and 60 ppm ethanol in a gas cell with a size of 32.4 cm

and an optical path length of 54.36m are presented in

Ref. [35]. 80 ppb of acetone and 100−120 ppb of ethanol

and methanol were identified in Ref. [36] in a gas cell

with an optical path length of 76m using machine and

deep learning methods. The results of the identification of

multicomponent mixtures are also presented. Such setups

can be used in environmental problems to locally determine

the concentration of greenhouse gases such as CO, NO,

NO2, N2O and SO2 [37–39]. QCL are also used for

identification of microplastics in water [40].
The results of measuring the concentration of acetone in

exhaled breath in patients with type 1 diabetes are presented

in Ref. [41]. The concentrations of this substance are

extremely low (tens of ppb), but in experimental setups

using a multi-pass gas cells [42,43] it is possible to determine

various diseases due to the wide spectrum of QCL radiation

and the use of modern signal processing methods [44–46].
This paper presents the scheme and technical charac-

teristics of the developed QCL in the range from 9.6

to 12.5µm based on a circuit with an external cavity

(Littrow configuration), which allows for a wide range of

tuning. The results of using QCL in an experimental setup

for laser IR absorption spectroscopy of gas mixtures are

presented.

1. QCL IR design

Figure 1 shows the appearance of the developed tunable

QCL. Inside the QCL case there is a QCL chip with its

own heat sink (Alpes Lasers, Switzerland), emitting in
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Main QCL technical characteristics

Characteristic Unit Value

Tuning range µm 9.6−12.5

Maximum average radiation Power mW 7.57

Maximum pulse power mW 199.8

Pulse duration of the emmiting radiation ns 278

Pulse repetition rate kHz 175.4

The distance between peaks cm−1 1.705± 1.085

Intensity peak width, not more than cm−1 2

Beam divergence, no more than mrad 5

Beam shape at a distance of 530mm mm Ellipse 3.5× 5

Power consumption of the device from the mains 220V 50Hz W 50

Overall dimensions length×width×height mm 130× 150× 250

Weight kg 6

QCL chip efficiency % 12.6
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Figure 2. The volt-ampere characteristic (black) and average output power (red) QCL for wave numbers 825.63 and 991.53 cm−1 .
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Figure 3. The spectrum of the average output power of QCL.

Voltage 14V, temperature 18◦C.

the range 9.6−12.5µm pos. 1. The external resonator

contains two aspherical lenses 7, located on both sides of

the waveguide, with a refractive index 2.604± 0.003 and

an effective focal length 1.87± 0.01mm. The external

resonator is built according to the Littrow configuration

using a diffraction grating 3, the operating range of which is

from 9 to 11µm. The reflective diffraction grating has 150

strokes per mm and a dispersion of 4.2 nm/mrad (Thorlabs,
USA). The diffraction grating is located on an inclined

platform 4 mounted on a rotary motor with an optical

encoder 5. The encoder resolution is 109µrad, which

allows positioning the diffraction grating with a minimum

rotation angle of 125µrad with an accuracy of 0.017%. The

QCL chip is maintained at a constant temperature of 18◦C

using a Peltier element and a thermoelectric controller 2,

which allows maintaining the temperature with a maximum

deviation of 0.001K. The pulse voltage of 14V with a

pulse duration of 300 ns and a duty cycle of 5% on the

laser chip is supported by a field MOSFET transistor 6.

The thermoelectric controller is controlled and pulses are

generated using the STM32H743 microcontroller.

Technical Physics, 2024, Vol. 69, No. 3
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Figure 4. a — the spectral shape of the QCL pulse at the wavenumber 889 cm−1 . The spectrum line width is 2 cm−1; b — the shape

of the QCL radiation pulse on the MCT photo-receiving device.

The table shows the characteristics of the developed

QCL. The maximum pulse power was calculated taking into

account the shape of the pulse.

The volt-ampere characteristics (for the pulse voltage on

the QCL chip) and the dependence of the average radiation

power on the current for the developed QCL on two

different wave numbers are presented in Figure 2. Figure

3 shows the spectrum of the average power of QCL.

Figure 4 shows the spectral shape of the pulse measured

on the Thorlabs OSA207C Fourier spectrometer with a

spectral resolution of 0.25 cm−1, and the electrical shape

of the pulse measured using a MCT photo-receiving device

cooled by a cascade of Peltier elements.

The PVMI-4TE-10.6 photodetector (VIGO Photonics,

Poland) is used as a Photodetector (PD) which consists of

the following elements:

• MCT photodiode with active area 2× 2mm and lens;

• Murata NTC thermistor of type NCP03XM222E05RL;

• thermoelectric controller (TEC) with 4 cooling stages

providing a temperature of 198K.

TEC PD is designed to set and maintain the temperature

of the photodiode at a predetermined level. It includes: a

controlled step-down pulse converter, an automatic control

system and a monitoring system for temperature, error

voltage and energy parameters — voltage, current and

power at the input and output of the controller. The data

is transmitted to the control and processing unit via the

interface I2C .

The PD amplifier consists of: a transimpedance amplifier

that converts the photodiode current into voltage (relative to

ground); a differential amplifier that converts the common-

mode signal of a transimpedance amplifier into a differential

one; a modulator that reverses the polarity of the input

signal; a differential integrator, with reset; a 24-bit sequential

approximation ADC with a differential input; a comparator

that triggers at the front and back of the input signal, which

will allow the control unit to determine the time parameters

of the pulses. The detector amplifier is connected to the

control and processing unit via a high-speed LVDS interface.

2. Application of QCL

The experimental setup for laser IR absorption spec-

troscopy of gas mixtures, including exhaled breath is shown

in Fig. 5. The multi-pass Herriott gas cell 6 with an optical

path length of 76m receives a gas mixture using a pump 1.

The radiation from QCL 2, falling on the beam splitter 3,

is separated, and part of the radiation falls on the reference

photodetector 4, and the other part passes through the gas

cell and falls on the signal photodetector 5.

The main characteristics of the above experimental setup,

as well as the calculation of the maximum detectable con-

centrations for various chemicals are presented in Ref. [46].

1

2 3 4

5

6

– Laser beam

Figure 5. An experimental setup for the gas mixture analysis.

1 — pump, 2 — QCL, 3 — beam splitter plate, 4 — reference

photodetector, 5 — signal photodetector, 6 — Herriott multi-pass

gas cell.
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Figure 6. The transmission spectrum of 100 ppm acetone in

the Herriott gas cell and acetone from the NIST database. The

correlation coefficient is 0.97.

So, the detection limit is 25 ppb for acetone, 52 ppb for

ethanol, 15 ppb for methanol. The transmission spectrum

of an acetone mixture in nitrogen with a concentration of

100 ppm was recorded in this work to verify the operability

of the developed QCL. The spectrum obtained at the experi-

mental facility is represented in red, and the acetone spectral

line from the international NIST database [47] is depicted in

black in Figure 6. The Pearson correlation coefficient of the

experimental and reference spectra was 0.97.

Conclusion

The paper describes a mid-IR QCL based on a Littrow

configuration with an external cavity. The technical charac-

teristics of the developed laser are presented, the design is

described, the volt-ampere characteristics are given, as well

as the spectral characteristics of the laser. The developed

laser has a tuning range 9.6−12.5µm, maximum peak

power 199.8mW and maximum average power 7.57mW,

tuning step 2 cm−1, spectral width of the laser line 2 cm−1,

which makes it possible to solve the problems of absorption

spectroscopy and diffuse reflectance spectroscopy with its

help.

The paper presents the transmission spectrum of acetone

with a concentration of 100 ppm obtained on the experi-

mental setup described in the work, consisting of a QCL,

a multi-pass Herriott gas cell with an optical path length

of 76 m and two MCT TE photodetectors. The setup

can be used to analyze multicomponent gas mixtures, as

well as to study human exhaled breath for the presence of

biomarker substances for certain diseases. The obtained

transmission spectrum is compared with the spectrum

from the international database of IR spectra NIST. The

correlation coefficient between the spectra was 0.97.
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