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Towards a spatially resolved,
single-ended TDLAS system

for characterizing the distribution
of gaseous species

C. Hansemann?, M. Bonarens'?, J. Emmert?, K. J. Daun? & S. Wagner***

Many applications require diagnostics that can quantify the distribution of chemical gas species and
gas temperature along a single line-of-sight, which is challenging in process environments with limited
optical access. To this end, we present an approach that combines time-of-flight Light Detection

and Ranging (LiDAR) with Tunable Diode Laser Absorption Spectroscopy (TDLAS) to scan individual
gas molecular transition lines. This method is applicable in situations where scattering objects are
distributed along the beam path, such as solid fuel combustion, or when dealing with multiple gas
volumes separated by weakly reflecting windows. The approach is demonstrated through simulation
studies and an initial experimental proof of concept for separated gas volumes.

Developing the next generation of low-emission, high-efficiency combustion devices rely on precise information
on the distribution of gas species and gas temperature within the process. This, in turn, requires measurement
methods that offer high spatial resolution while requiring minimal optical access. Established measurement
techniques such as tomographic absorption spectroscopy’? and planar laser-induced fluorescence® are well-suited
for laboratory studies, but require a degree of optical access that is often unavailable for real-world devices. In
certain cases, measurement systems exploiting the Scheimpflug principle for spatially resolved fluorescence or
Rayleigh thermometry can be implemented to allow for more flexible design of the optical access*. In contrast,
Tuneable Diode Laser Absorption Spectroscopy (TDLAS) demands significantly less optical access but provides
only path-integrated information, which restricts comprehensive analysis along the line-of-sight (LOS)*>%.

To address this gap, absorption-based measurement approaches that exploit reflections or scattering within
the probe volume, either by gas molecules, droplets, or solid-phase particles, to achieve spatial resolution have
gained attention. These methods utilize the fact that light waves scattered at different points within the device
traverse different paths in the investigated volume, and thereby contain information about the gas composition
between the emitter and the scattering location. To infer local gas properties, it is necessary to disentangle the
signal components based on where each wave was scattered. These scattering elements may constitute particles
already present in the process, such as solid fuel, or additionally “seeded” particles or droplets, as common in
particle image velocimetry. Scheimpflug LiDAR, which requires two optical access points and distinguishes
signal components by their spatial offset, can only be applied if the displacement between the emitter and the
detector is negligible compared to the detection range. This is because the traveled path of the scattered light
is not identical with the path of the emitted radiation, which leads to entangled information that complicates
the evaluation of absorbance signals if the gas state deviates between both paths. While the displacement may
be negligible for long-range atmospheric measurements featuring smooth gradients in gas properties®!?, it is
generally not negligible within combustion devices, which involves shorter distances and steep gradients in gas
temperatures and composition.

One way to achieve single-ended, spatially resolved absorption spectroscopy is to merge absorption spectros-
copy with time-of-flight ranging. In this approach time-modulated light pulse is emitted along the line of sight
(LOS) and the resulting backscattered signal is recorded at high temporal resolution. The location at which a
signal component is backscattered can be deduced from the time delay between emission and detection, while
the attenuation of the signal component contains information on the properties of the flow along the LOS. The
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information about the gas and, if present, particle phase can be disentangled if measurements are performed with
pulses of different wavelengths, since particles have a broadband influence on the back-reflected signal, while
gases exhibit narrow absorption features. The local absorption properties of the gas can then be reconstructed
spatially by inverting an integral equation. In this regard the spatial resolution depends on the distribution of
reflectors along the LOS, the edge steepness of the laser pulse, and the sampling frequency of the data acquisi-
tion system.

Several existing diagnostics also use continuous-wave or pulsed lasers to infer the concentration distribution
of a species along an optical path. Most differential absorption LiDAR (DIAL) systems use two laser pulses: one
aligned to an absorption feature of the molecule of interest (“on resonant”) and one that is off-resonant. The
backscattered signal from the on-resonant pulse is influenced by absorption and scattering, while the off-resonant
backscattered pulse depends only on scattering. The distribution of molecular concentration along the optical
path may then be inferred from the time-resolved ratio of the two back-scattered signals. A variation of this
approach called Micro Pulse Lidar'"'? uses diode lasers to seed the amplifier, enabling long-term stable opera-
tion with precise narrowband spectral emission which is useful for filtering out background radiation. DIAL is
particularly well suited for atmospheric research in different configurations®!!-!3, and some proof-of-concept
studies investigating lab-scale combustion have also been presented'*~'¢. Conceptually, however, two-wavelength
DIAL is prone to cross-sensitivities to other process parameters and requires calibration which may limit its
applicability to combustors. Multi-frequency DIAL has recently gained increased interest due to its ability to
perform measurements at different optical frequencies using tunable external cavity'”!® or current tuned diode
laser™. These studies showcase the potential of multi-frequency DIAL in atmospheric research. Yu et al.'” demon-
strated a system that chops a cavity length-tuned continuous wave (cw)-laser with an acousto-optical modulator
to observe atmospheric CO, spectra with a range resolution of 120 m. Stroud et al.'® successfully resolved 10
optical frequencies to probe CO, and H,O. With a range resolution of 250 m, they can distinguish the combustion
plume from a power plant from atmospheric background. Mei and Brydegaard'® used a tuneable diode laser in
continuous wave (cw) operation in combination with an optical arrangement fulfilling the Scheimpflug condi-
tion to probe oxygen at seven frequencies with a range resolution in the order of 100 m. Hyperspectral LIDAR
using a supercontinuum source has been demonstrated for material classification with high spatial resolution®.
Bourdreau et al.?® used hyperspectral LIDAR based on frequency combs to analyze gas-phase absorption. While
this is a promising approach, it is limited by discrete wavelength selection and optical bandwidth compared to
supercontinuum sources, as well as spatial resolution®. Higher spectral resolution to scan specific transitions
would be more favorable to simultaneously recover species concentration, temperature, and pressure.

In this article, we propose a novel measurement approach that combines TDLAS with optical ranging to
achieve spatially resolved, single-ended detection of the gas phase properties for particle-laden gas configurations.
Instead of hyperspectral sources, inexpensive tunable diode lasers are used as a slowly tunable source. The neces-
sary steep intensity gradients for ToF ranging are introduced by an electro-optical modulator (EOM). Gas phase
molecular absorption features are scanned by sequentially and repeatedly recording time resolved pulse reflection
signals at different wavelengths. Differential, time-averaged gas phase absorbance spectra along the beam path
can then be inferred following the DIAL principle. The fast rise time of the pulse combined with a high frequency
data acquisition enables a spatial resolution in the order of 1 cm. First, we establish the theoretical foundations
of this technique and then explore its potential by means of numerical simulations. Finally, we present a proof-
of-concept measurement, laying the groundwork for future deployment in more application-like environments.

Theoretical conceptualization of the measurement principle

LiDAR equations for narrow wavelength tuning

Consider a 1D medium that is probed with a collimated light source that emits light at wavenumber v, and a
detector of given aperture at r=0. The light source and the detector are coplanar and coaxial. Several scatterers,
i.e. particles, semi-reflecting windows, and/or reflecting surfaces are distributed along the r-coordinate. Starting
with the elastic backscattering LIDAR equation?!, the power P of the signal incident upon the detector is the
product of four terms:

P(r,v) = C-G(r) - hg(r) - T(r,v) (1)

The parameter C characterizes the performance of the employed instrumentation and depends on the emit-
ted laser power, the detector area A, the duration of the laser pulse, and the detector efficiency. The geometric
parameter G(r) accounts for the detector solid angle as viewed from the scattering location, r. hg () quantifies the
backscattering, while T'(r, v) covers transmission losses along the LOS, and is the principal quantity-of-interest.

The detected signal is a superposition of light scattered at various positions along the LOS. The information on
the distance r at which a signal component was scattered is encoded in the delay between emission and detection.
Since a two-way transmission path must be considered, light emitted at ¢ reaches the detector attqy = ¢ 4 2r/c. As
the measurement method considered in the present article is built on time-of-flight (ToF) LiDAR, it is practical
to rewrite Eq. (1) in the time domain

A 2r A
I(tg,v) = Ip(t,v) - ) ~hg(r) - T(r,v) = Ip (td - 7&) 2 ~hg(r) - T(r,v) (2)

The objective of the analysis is to deconvolve Eq. (2) to recover the information contained in T'(r, v). Since
the received signal is a superposition of the contribution of all scatterers, Eq. (2) can be understood as an integral
equation which is integrating “backwards” in time and forwards in space:
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ty-c/2
I(tg,v) = /d dI, <td — %, v> - G(r) - hg(r) - T(r,v)dr (3)
0

Equation (3) may be recast as a Volterra integral equation of the first kind (IFK). Let
r=({g —t)-c,t =tqg —r/c,dr = —cdt, so

tq

ta/2
I(tg,v) = —/ ‘ dIp[(2t — tq, v)G[(ta — t)c] - hp[(ta — O)c] - T[(tqg — H)c, v]dt = C/ /zﬂ(f» ta)fu(H)dt
tq tq
(4)

where the unknown variable f,(¢) contains G, hg, and T. The kernel function, a(t,t,), is the laser waveform shifted
through time. At time fg4, the detector is only sensitive to elements that fulfil the condition rx < (c - #4)/2. This
horizon may also be characterized by a position-specific time t, i.e., the time required for the light to travel from
the transceiver to the element at 7, and back to the receiver. If the difference t4 — #; is negative, the detector has
yet to receive a signal from the k th element. By discretizing the region-of-interest into small but finite segments
of thickness Ar and corresponding time intervals At, Eq. (4) may be approximated as

ta/ At ta/ At ta/ At
Lt = 3 = S g — 10 G Tk b= Y ot — 1) fok )

The summation argument in Eq. (5) can be, analogue to Eq. (4), structurally divided into two factors: a dis-
cretised kernel function a(ty, tx) = Io,, (tq — tx) which is the waveform of the emitted laser pulse shifted through
time, and the unknown variable f, x = f, (t) = Gk - T, - hpx which contains the sought-after information on
the absorption properties of the gases between the kth element and the transceiver. The geometric factor Gg,
which is evaluated at each corresponding r, depends on the detector sampling rate and is known beforehand.
The locationry, = ¢ - t44/2 is then the furthest point that can contribute to the signal at a given detection time #y.

Equation (5) may be transformed into a matrix equation. Let f3m.x be the longest detec-
tion time in the experiment and split into K = tgm.c/At elements. The measurement vector
I =[L(tg=1-At),I,(tq=2- At),...,I,(ts = K - At)]T consists of the detected intensities at each time
step. Each element I,,j = I, (tq; = j - At)is given by:

k= k=j
L= Zkzllo,v(]m —kAt) G- Tk -hpe =)~ Avjkfik (6)

Writing Eq. (6) for each detection time forms a matrix equation, A.f,=1I,. Solving the system of equations
amounts to deconvolving Eq. (6) for the field variable f,. The vector f, e R¥*! contains the information about the
amount of the reflected light as well as the position of the reflectors. Note that this is a linear matrix equation.
The overall aim is to deconvolve for the continuous field variable f,(r) in a discretized manner. Since deconvolu-
tion of a Volterra IFK is ill-posed, inversion of this matrix equation requires regularization, as described more
thoroughly in the Appendix.

Reflection parameter

The scattering elements used in this experiment may be categorized into two classes: spatially discrete reflecting
interfaces like the surfaces of optical elements and metal surfaces, and continuously distributed scatterers like
particles and droplets entrained in a flow. In this case, the reflection parameter hg depends on their local prop-
erties as well as on the distance between the reflector and the transceiver through the changing detection solid
angle AQ. For particles, the reflection parameter hp can be modeled using the scattering parameter o5 and the
scattering phase function ®c,;. For particles that are large compared to the wavelength of the light, the reflection
parameter can be calculated as*

os(r) (Dscat,B

hg(r) ~ e

AQ(r) = Cp(r)AQ(r) 7)
with the backscattered amount of the phase function @y, p incorporated into a space-dependent parameter,
Cg(r). The transmission T quantifies the attenuation of the light due to absorption in the gas phase (absorp-
tion coefficient k) ¢), by the particulate matter (effective absorption coefficient «p) and scattering by particles
(scattering coefficient o). Absorption and scattering by droplets or particles are broadband in nature and can
be modelled as spectrally independent over the narrow wavelength range spanned by the tuned diode laser.
Consequently, only the gas phase absorption varies with the wavelength. The transmittance experienced by the
light backscattered at a specific location r is given by the Beer-Lambert law?*:

1o =7 = exp(2 [ k7o) +ip(0) + () ®
J 0

Merging TDLAS and ToF-LiDAR

A unique aspect of this technique compared to other approaches described in the literature is the use of time-
modulated tunable diode lasers to interrogate the spectroscopic properties of the gas, which is connected to the
local thermodynamic state of the gas, and to also distinguish absorption by the gas phase from the broadband
properties of the reflectors.
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ToF LiDAR requires that the interrogation beam is modulated into waveforms having rise and fall times on
the order of 100 ps to achieve a sub-centimeter spatial resolution, which cannot be done through current or tem-
perature tuning methods since these operate at considerably longer timescales. Instead, the tunable diode laser is
operated in cw-mode and paired with a fast-switching optical modulator (e.g., an electro®®** or an acousto-optical
modulator'’) to generates the pulses, as shown in Fig. 1. The laser diode is tuned between the pulses by varying
the injection current or temperature. Current tuning enables periodic scanning at kHz rates, but has the disad-
vantage that the intensity varies strongly along the wavenumber axis®. Since the backscattered signal is expected
to be relatively weak, the laser is tuned by varying the diode temperature, ensuring that the emitted light intensity
is maximized for each wavenumber. The rise time of the modulator determines the achievable spatial resolution.

After deconvolution, a spectrum is obtained for each point with a reflecting or scattering source in the region
of interest. This spectrum contains the path-integrated information about the gas phase properties between
the transceiver and the respective reflector. The local information is then extracted by an onion-peeling like
approach: the spectra are fitted sequentially, starting with the spectrum associated to the shortest LOS. The dif-
ference between neighboring spectra corresponds to the local spectra that contain the sought-after information
on the local gas properties. Finally, the local concentration, temperature, and potentially pressure of the gas
may be inferred by a spectroscopic fit using the HITRAN database?. A more detailed explanation on TDLAS
is given in®"%.

Results

To establish the theoretical viability of the presented method, we consider two scenarios. The first scenario con-
sists of two gas volumes of different composition separated by a window and terminated by a reflecting surface,
which is analysed both numerically and experimentally. The second scenario is a particle-laden gas of spatially
varying temperature, which is examined through simulation.

Scenario 1: two gas volumes separated by a window

Consider the case comparable to the experimental setup shown in Fig. 4 consisting of two volumes separated by
a window and terminated by a reflecting surface. This case is inspired by a pressurized combustion test apparatus
consisting of an inner container that contains the combustion process to be investigated, enveloped within an
outer pressure vessel which contains cooling air of unknown thermodynamic state*”?. The task is to measure
the humidity of the inner container such that the measurement result is not disturbed by the cooling flow.

The two gas regions have lengths of L, =0.4 m and L,=0.1 m and are separated by a window of thickness
L,,=0.005 m. Both gas volumes are at ambient conditions (20 °C, 1 bar) but differ in humidity: the mole fraction
of H,O in Gas 1 ranges from 0.4 to 1.6%, while that of Gas 2 is 1.3% for all cases. These scenarios are summarized
in Table 1. For this purpose, we wish to find the transmittance spectra across the two gas volumes, 7,,; and 7,5,
in the spectral domain between 7180 and 7186 cm™ (1391.6 to 1392.8 nm), corresponding to several prominent
absorption lines. The window has a reflectance p=0.06 at each interface. The optical properties of the window
and the reflecting surface are approximately constant over the considered wavenumber domain. In the absence
of particles, scattering is negligible, i.e. o, = 0.

The intensity propagation through the gas is governed by the time-dependent radiative transfer equation
(RTE)*»*3%, which is solved using a finite volume code as described in the appendix. Gaussian noise with a noise
level of 50 dB is added to both the simulation data and the laser form function. This SNR would be typical of what
would be achieved by averaging 35,000 individual waveforms using the experimental apparatus described in the
next section. Simulations of the measured intensity response are performed for 301 equally-spaced wavenumbers
between 7180.62 and 7183.46 cm™ (1392.1-1392.6 nm). The spectra from both reflectors are then reconstructed
from the simulated intensity profiles. Finally, the gas properties are determined by a spectroscopic fit.

Figure 2a shows the recorded intensity over each simulated wavelength. The box-shaped appearance originates
from the temporal pulse function of the emitted laser beam. The two separated reflections are highlighted with
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Figure 1. Experimental Setup for the combination of TDLAS and LiDAR: a diode laser operated in cw-mode
is tuned in wavelength by temperature variation while the injection current is held constant. The light is led
through an optical modulator to chop the laser cw-light into sharp pulses. The pulsed signal is sent through the
region of interest. The backscattered signal is detected by a detection system of high bandwidth. Legend: DG:
delay generator; DAQ: data acquisition system.
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Simulation no. 1 1 111 v v
Qiotset | [%mal |0 0.400 0.800 1.20 1.60

Box (Gas 1) | G [%mol |6.86-107 |0.405 0.804 1.20 1.60
abs. error | [%mq] |6.86-1073 |5.33.107% [3.80-1073 |2.26-1073 |7.32.107*
Q025 | [%mal | 1.30 1.30 1.30 1.30 1.30

Cell (Gas2) | Gaons [%mo] | 1.28 1.29 1.30 1.31 1.32
abserror | [%pmq) |2.30-1072 [1.32-1072 [3.39-107% |6.43-107° |1.63-1072

Table 1. Simulation results: set mole fraction versus reconstructed mole fraction.
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Figure 2. Result of the finite volume simulation for discrete reflectors for configuration II. (a) Simulated
detected signal plotted over the wavenumber and space axis: box-shaped signal because of the convolution

of the reflection with the laser form function, black traces are included to highlight the spectra in the signal;

(b) deconvoluted detected signal: clear separation of the signals in space; (c) Simulated intensity traces. Black:
instrument function, red: detected signal without absorption (off-resonant wavelength), orange: detected signal
with absorption (resonant wavelength). (d) Result of the deconvolution of the detected intensity traces with the

instrument function.

black traces. The discrete distribution of the reflectors becomes clearer after the deconvolution according to
Eq. (5), see Fig. 2b. The time axis is transformed to the space axis using dr = ¢ - d¢/2. After the deconvolution,
the analysis of the absorbance spectra can be performed.

Figure 2¢ compares simulations made at two exemplary wavenumbers, one resonant and the other off-res-
onant. The optical pathlength can be inferred from the time difference between the detection of the reflections
and the emission of the laser pulse form. This becomes clear by examining the result of the deconvolution of the
signals with the laser form function, Fig. 2d. The position of the peaks indicates the location of the corresponding
reflector, while the peak magnitude depends on the reflection coeflicient of the reflector and the optical depth
of the path between reflector and transceiver. In principle, as the reflectance of a surface appears on a distinct
location in space, the reconstructed reflection should appear as a delta function. However, due to the finite
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Figure 3. Results for Simulation: (a) Case II: successively calculated absorbance spectra for the same data.
Note that the total absorbance corresponds to the superposition of the absorbances in the box and the cell, i.e.,
= m + 5 (b) Comparison of the inferred water mole fractions in the two regions with the respective ground

truth used to generate the data.
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Figure 4. Experimental schematic: Temperature tuned Laser 1 is lead through an off-axis parabolic mirror
(OAP) in the ROI. Reflections from the window and mirror at the sealed cell are collected by a high bandwidth
fiber coupled photodiode (FCPD) and analyzed in the DAQ-system. For reference humidity measurements a
second TDLAS system with current tuning is build up inside the varying atmosphere. Additional temperature
and pressure sensors are placed inside the ROL Not that the atmosphere in the sealed cell is held constant while
the outer atmosphere is changed between several measurements. The relevant pathlengths are the absorbance
pathlength in the other box L, and inside the cell L, completed by the window thickness L.

acceptance angle of the receiver, or if the windows are not exactly normal, the reflected light will travel a distribu-
tion of distances back to the detector, resulting in a narrow temporal distribution of detection. Figure 2d shows
that reflection from the mirror (r ~ 0.5 m) is very distinct, while the reflection from the window (r ~ 0.4 m)
is smaller and broader due to higher numerical diffusion at lower signal strength and the stronger influence of
noise. As the reflections are clearly separated from each other, the influence of small temporal deviations in the
signal and therefore in the solution of the deconvolution given in the appendix, can be minimized by summing
the solution vector over a small region around the peak location that were found in the previous analysis step.

The inferred absorbance spectra are shown in Fig. 3. Gas properties are then obtained by regressing mod-
elled spectra derived using HITRAN® to the inferred spectra. The absorbance of the gas in Zone 1 (reflection
at r=0.4 m, low water concentration, but long absorbance path) is calculated first using the first back-reflected
signal component; this value is then used to obtain the absorbance of Gas 2 (gold area) using backscatter at longer
measurement times. The results for all five simulated conditions are summarized in Table 1.

Figure 3b visualizes the results of the inference for a total of five simulations conducted for the conditions
listed in Table 1. It is evident that the varying water concentration is detected in Zone 1, while the inferred com-
position of the gas in Zone 2 remains constant and is not affected by the changes in Zone 1. The accuracy of the
inferred water mole fraction for Zone 2 is lower than Zone 1, due to error amplification of the ill-posed system.
Nonetheless, the gas compositions in each zone may be distinguished clearly.

Figure 4 shows the experimental realization of this scenario, consisting of a sealed gas cell enveloped
within a larger sealed volume that also contains the optical elements. On the side facing the instrumentation,

Scientific Reports |

(2024) 14:11708 | https://doi.org/10.1038/s41598-024-61644-9 nature portfolio



www.nature.com/scientificreports/

()

1,0 ——— T (b) 0,40 ——//— T T T T
09 ] deconvolution v = 7180,62cm !
’ K\—; 0,35+ deconvolution v = 7181,14cm ™"
08
0,8 > .
. % 061 . 0,30 i
50,71 2 1 e
; 90,4 ;
© 0,6 € 1 30,251 _
c 0,2 =
>05- . 20,20 -
® S M =
c 04 0123456 - £
@ 1e9 = 0,151 -
€ 0,34 time in ns ] £
© i 4
02] 0,10
0,1 0,05 ‘ .
0,0 i i A
0 10 20 30 40 50 60 70 80 90 100 110 120 000 T oms 05 oms 06

the cell is optically accessible through a wedged sapphire window (L,, = 5 mm), while the optical path
is terminated by a metal reflector. The distance between the emitter and the outer surface of the window is
Ly = 38.54 cm =+ 0.14 cm, while the inner surface of the window and the reflector define the optical path within
the cell, L, = 10,03 cm = 0.11 cm. The objective of the experiment is to infer the water content of both gas vol-
umes. The composition of the inner cell is constant over all measurements, with a water mole fraction 0f1.31%y,].
The moisture content of the enveloping volume is adjusted using a flow of dry nitrogen. The atmosphere within
the box is monitored using an independent single-pass TDLAS system, along with pressure and temperature
sensors (Tinkerforge bricklets). The considered operating points are summarized in Table 2.

The light source is a discrete mode diode laser (Eblana Photonics) operated in cw-mode and scanned between
7180.62 and 7183.46 cm™" by changing the diode temperature. The laser beam is time-modulated using a fiber-
coupled electro-optic modulator (Thorlabs LNA6213) controlled by a delay generator (Stanford Research Systems
DG645 with SRD1). To provide sufficient power to drive the EOM, the signal is amplified using an RF amplifier
(Mini-Circuits ZX60-14012L-S+). Figure 5a shows an example intensity profile generated with the described
system (black solid line) with a rise-time of t20_gp = 67.5 psand a fall-time of tg9—20 = 239.7 ps. The pulses have
alength of 62 ns and are generated at a frequency of 6 MHz.

The light pulses are directed to the sensor head using glass fibers. Ten percent of the intensity is guided onto
a photo diode via a fiber-coupled beam splitter for a reference measurement. The light is then decoupled using
a collimator centred within a perforated off-axis parabolic (OAP) mirror. The collimator images the light onto
the gas cell window, while the OAP mirror focuses the reflected light onto a fiber, through which it is guided
onto a high-speed photo diode (Newport Newfocus 1544-B-50) attached to an oscilloscope (LeCroy WaveMaster
820Zi-A) with which the intensity trace is sampled at a rate of 40 GHz. The measurement duration is limited
by the high-speed memory of the oscilloscope, which can store 256 - 10° datapoints at a time. This limits the
time to a total of 6.4 ms, before the data needs to be transferred via an ethernet cable to the computer where it
is preprocessed.

Exemplary averaged intensity traces are plotted Fig. 5a, which resemble the simulation results. The temporal
delay between the emission of the pulse and the detection of the first reflection due to the finite speed of light is
clearly visible. The pronounced steps in the rising edge of the detected trace corresponds to the temporal delay
between the incidence of the reflections from the window and the metal surface on the detector. While the inten-
sity trace displayed in red was acquired at an off-resonant wavelength, the orange one corresponds to a resonant
wavelength and thus features considerable absorption, reducing the intensity of the reflections.

In Fig. 5b, the deconvolved hp values indicating reflectors at positions r ~ 38 cm and r &~ 49 cm, which cor-
respond to the window and the reflector, respectively. The height of the peaks indicates that more light is reflected
from the window onto the detector than from the metal surface. Due to the attenuation by absorption, the peak
of the resonant wavelength (orange) is lower than those at off-resonant wavelength (red).

If the peaks associated with a specific reflector are plotted for all recorded wavenumbers, an intensity spectrum
like that shown in Fig. 6a (black solid line) is obtained. Water absorption lines are immediately recognizable,
along with high-frequency fringing caused by the orthogonal alignment of the beam to the optical elements. The

Measurement
no. I 1I III v v

qu20,1 [%mo] | 0.46 |0.44 |0.05 |1.45 | 1.48
G0z | [%omg] | 131 | 131 | 131 | 131 |1.31

Table 2. Overview of the experimental parameters.

time in ns distance in m

Figure 5. Measurement results. (a) Measured intensity traces. Black: instrument function showing the shape
of the emitted pulses, red: detected signal at an off-resonant wavelength, orange: attenuated signal acquired at a
resonant wavelength. (b) Result of the deconvolution of the intensity traces with the instrument function.
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Figure 6. Measurement results: (a) Exemplary spectrum resulting from the measured reflections from a
reflector (black solid line). In addition, the spectroscopic fit (red) and the background (orange) are plotted; (b)
Mole fraction for the different regions (l: box, @: cell).

states of the gas within the cell and inside the enveloping chamber are quantified using the wavenumber range
highlighted in gray. Since the intensity dependence is significantly lower in temperature tuning, the order of the
background polynomial was set to 1 for this study using a reference measurement.

The result of the measurements at the operating conditions listed in Table 2 is plotted in Fig. 6b. Solid lines
indicate the expected water concentrations in Zone 1 (red) and Zone 2 (orange). The red squares and orange
circles denote the reconstructed water mole fraction in box and cell, respectively. Horizontal error bars quantify
the variation of the water mole fraction in the box during the measurement time and include 90% of the val-
ues measured by the reference TDLAS. The vertical error bars indicate the uncertainty of the spectroscopic fit
performed to infer the water mole fractions from the deconvolved intensity spectra following Emmert et al.*’.
Moisture measurements reconstructed in the outer enveloping volume are quantitatively robust; those within the
gas cell follow the expected trend but show larger variation from the ground-truth. The measurement results for
the box are more robust than those for the cell because the error amplification for the rear reflector is significantly
larger. This, in turn, is due to the more ill-posed character of the evaluation. This relation of the data evaluation
procedure is also observed in the above simulation study.

Scenario II: continuous distribution of scatterers
We now consider the potential of the technique for analyzing continuously scattering gas volumes using a simu-
lation study to generate spatially resolved gas phase absorption spectra. It is assumed that the process is steady,
as is the case in industrial combustors for coal or biomass combustion.

Consider the case shown in Fig. 7 (a). The aerosol emerges from a 0.2 m diameter pipe placed at a distance
0.2 m away from the transceiver. The considered domain has a width of 0.5 m. The flow has a peak temperature
of approximately 500 °C and a maximum water mole fraction of 7.6%. The particle cloud is defined with a volume
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Figure 7. Setup for the FV simulation with a particle laden flow: (a) domain description (I,: incident intensity;
I: backscattered intensity; Iy: detected intensity), (b) Temperature, H,O mole fraction and number of particles
per volume unit distribution over the domain length r.
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fraction of up to 0.01% for particle diameters of dpariicle = 100 pm. The flow emerging from the pipe gradually
entrains the surrounding atmosphere, resulting in the distributed properties shown in Fig. 7b.

Because the particles are large compared to the laser wavelength, they may be modeled as diffusely-reflecting
spheres. This example considers wood as a biomass with an absorptance ap = 0.75. A more detailed explanation
of the used particle reflection model is given in the appendix. The in-scattering or the local reflection coefficient
hp(r) multiplied by the local incident radiation I(r) can by calculated by Eq. (7). The measurement path is ter-
minated by a diffuse surface having a reflectance of 5%.

Figure 8 shows the simulated signal for this scenario. Due to the convolution of the reflection with the rec-
tangular laser pulse (see black curve Fig. 2¢), the signal in Fig. 8b appears as an accumulation of the individual
reflections. The simulated detected signal is contaminated with Gaussian noise to represent the experimental
noise. For this study an SNR with an amplitude of 100 or 20 dB is used. Since the process is assumed to be steady,
multiple waveforms may be averaged to improve the SNR, even if the signal amplitude is comparable low. As we
aim to infer mean absorbance spectra by averaging over multiple pulses, higher SNR can be traded for longer
acquisition times. This value is conservatively estimated from the performance of commercially available equip-
ment that would be suitable for measurements using the described approach.

The particles positioned closer to the transceiver generate a stronger signal due to the larger solid angle sub-
tended by the detector when viewed from these particles. To eliminate this effect the signal contribution is divided
by the solid angle at a given location. The temporal distribution of the signal contains information concerning the
spatial distribution of the particles, while information about the local gas temperature and composition is con-
tained in the absorption spectrum. The deconvolution is performed with a least square algorithm, see Appendix.
The computed particle reflection function, hy(r), correlates with spatial distribution of the volume fraction (see
Fig. 7). The influence of the local gas temperature and gas mole fraction is included in the wavelength-dependent
absorbance features. The black traces in Fig. 7b highlight selected intensity traces over the wavenumber axis to
emphasize the absorbance of the gas species.

The reflected signal starts to accumulate at a transceiver distance of approximately r = 0.1 m. Starting at
that point, the transmission spectra over the wavenumber is evaluated with a spectral fit for the temperature
and the water vapor mole fraction until the signal vanishes again at a distance of r ~ 0.45 m. There are several
absorption lines within the wavenumber axis for water vapor. The result of the spatial distributed spectral fit
regarding the local temperature and mole fraction of water vapor are included in Fig. 8¢c,d, demonstrating the
viability of this approach, although the signal to noise ratio and error amplification play an important role.
The fit shows higher uncertainties at the spatial start of the particle cloud and falls at the end of the cloud. The

(b)

H,O mole fraction

00 0,1 02 03 04 05 0,0 0,1 0,2 0,3 0,4 0,5
distance in m distance in m

Figure 8. Result of the finite volume simulation for a particle laden flow. (a) Simulated detected signal plotted
over the wavenumber and space axis: box-shaped signal because of the convolution of the reflection with the
laser form function; (b) deconvoluted detected signal: reflection at the particle surfaces distributed over the
special domain, black traces highlight reflection at selected locations to show the effect of the gas absorbance; (c)
spectral fit solved for the local gas temperature; (d) spectral fit solved for the water vapor mole fraction.
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higher uncertainty at close locations has its origin in the small SNR. Since the measured signals are analyzed by
an onion peeling-like approach, error propagation is evident in the reconstructed parameters. At more distant
locations, higher uncertainties arise, as they are propagated from the previous fits. This is why fit uncertainties
are significantly higher from r>0.35 m, such that this region can no longer be evaluated (compare grayed area in
Fig. 8c,d). Nevertheless, spatially resolved gas temperature and water mole fraction measurements for over 60% of
the spatial distribution of the particle cloud can be performed. Atr < 0.1 m, the particle density is not sufficient
for meaningful reconstructions, while for > 0.35 m the limiting factor is induced by the error amplification.

Conclusions
This article presents a novel measurement approach that merges tunable diode laser absorption spectroscopy with
optical ranging to measure gas phase properties in particle-laden flows with high spatial resolution. Compared to
established measurement techniques, the proposed method has the major advantage that it only requires minimal
optical access to the investigated process and uses inexpensive tunable diode laser sources to resolve the spectra.
The viability of this technique is assessed in two scenarios. The first application case focused on inferring the
water mole fractions in two volumes partitioned by a glass wall, which was explored through simulation and
physical experimental analysis. The second application case treats measurements in particle laden flows, where
instead of two sections, the absorbance spectra and thermo-chemical properties are inferred. A numerical study
revealed that practical measurements in particle-laden flows are possible provided that the signal-to-noise ratio
of the detected signal is sufficiently large. However, various influences on SNR like beam-steering, stochastic
scattering by moving particles, and realistic losses at process windows need to be evaluated in a future study.
The presented results underscore the potential of merging TDLAS with optical ranging to infer local gas phase
properties in particle-laden flows and lay the theoretical foundation for advanced measurements. Future work
will focus on conducting an experimental proof-of-concept for the particle-laden flow and the optimization of
the experimental setup to perform measurements in technically relevant scenarios.

Data availability
The datasets used and analysed during the current study available from the corresponding author on reasonable
request.

Appendix

Data evaluation

The position of reflectors in the beam path can be determined by measuring the time delay between the emis-
sion of a light pulse and the detection of reflections. Starting with the matrix formulation in Eq. (6), the overall
aim is to deconvolve for the field variable f,(). Note that this is a linear matrix equation and that a reflection can
only be greater than or equal to zero. To get the position of the reflections a deconvolution has to be performed,
for which regularization is needed due to the ill-posedness of this process. For cases with discrete reflectors, the
deconvolution of the field variable f, is performed with a nonnegativity constraint®*:

min[ ‘Ava —IV,DHi]s.t.fu,i > 0forie{l,...,n} (9)

fer?

The positions of the reflectors are aligned with the p largest elements of the reflection vector hg(r), while

p is chosen according to the expected number of reflectors. In addition, the knowledge that the reflectors are
spatially separated can be used to increase the robustness of the evaluation by binning the signal in their vicinity.
In case of a continuous reflecting region of interest, such as in particle laden flows, a smooth solution is pre-
ferred, reflecting the prior knowledge of continuous distribution of reflectors. To achieve this the penalty term

ys‘ |L2f v | |2 with a regularisation parameter y; and a second order finite difference matrix L, is implemented as

follows3334:

i [14uf = L[ + 1| [Laf|[3]s:t i = Ofori € (1,....m) (10)

To get the most meaningful results out of the deconvolution the regularisation parameter must be chosen
appropriately. In order to choose the right regularization parameter, an L-curve is calculated®, and the regulari-

zation corner is taken as the regularization parameter y; = 0.7. The deconvolution is performed for each of the
measurements at w different wavenumbers.

Simulation: finite volume method
The finite volume simulation is performed using the MATLAB toolbox from Eftekhari et al.*. Intensity propaga-
tion through the gas is governed by the time-dependent radiative transfer equation (RTE)*:
1arm  arm L ol
4 =_pmygm (11)
c ot orl Py
where r is the discrete path-variable in each defined region, m € {1, 2} serves as an index for the angular depend-
ence of the transmitted light and / € N is an index for the different regions. Since all light/surface interactions are
taken to be specular, the intensity need only be solved in the forward (m =1) and backward (m =2) propagation
directions. Variable 8, symbolises the extinction coefficient and S is the source term. The source term has to be
treated differently according to the simulated case. With only discrete scatterers along the beam path, S is used
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as a boundary condition term between the I regions. When a lot of scatterers are located inside the domain and
form a continuous scattering cloud, as e. g. in solid fuel combustion or in general particle laden flows, S should
be taking account to the in-scattering term. A discussion of the implementation of the source term § is given
below, together with a discussion on the chosen temporal and special discretization. The results presented here
have been obtained by simulating the RTE on the presented domain with time steps of At = 0.125fs and cell
sizes of Ar = 0.2mm which results in a courant number Co < 0.02.

Simulation: source term S

To further discuss the source term S, we must discretise the domain. Since the domain is one-dimensional in
space, we divide each region in several finite volumes with an equidistant length Ar. Depending on the size of
each defined region, each region is discretized ini € {1,...,p,} control volumes. Further we discretize in the
time domain in j € N intervals with a finite time difference At between each timestep. The source term S is then
coded as a boundary condition for each region and is defined for each time step as the following:

Rm-I(ri”il,tj,l) fori =p,Yme{l,...,n},j>2
1= Ry -I(r"! ,t~,)f = 1Vme(2...,n)j>2
S(4) = m L Ty~ b1 Orf m { nhj = (12)
w(tj) fori, m =1,Vj
0 else

In the boundary definition Ry, is defined as the reflection coeflicient of the technical surface (optical win-
dow, metal surface or mirror) if the m-th region. In principle is the reflection coeflicient is dependent on the
wavenumber v of the incident laser light, since we only take respect to a small variation of the wavenumber, we
consider the reflection coefficients as constant. The parameter v/ (f) describes the trigger signal, which indicates
the laser pulse at a certain wavenumber.

For the simulation of the scattering of particle laden flow the source term S in Eq. (11) can no longer be
handled as a boundary condition term between separately defined domains. The source term for this case must
capture the in-scattering of the particles, as well for the origin direction of propagation of the irradiated light
(I = 1) and the reflected light (I = 2). The particle reflections are modelled as diffusely reflecting spheres, as they
are much greater than the laser wavelength. The absorption and scattering efficiencies equal to the absorptance
and reflectance of the bulk interfaces, Q; = ap and Qscat = pp = 1 — a. These efficiencies are connected to the
bulk absorption and scattering properties of the particle phase by

ndy ndy
Kp(r) = TNp(r)Qr = TNp(r)Ofp§

2 2 (13)

nd; md;
Us,p(r) = TNp(r)Qscat = TNp(r)pp

Those coefficients, along with the gas absorption coefficient, are inserted into the extinction coefficient in
Eq. (8). The simulated intensity is calculated using the phase function®:

Do (0) = 5 [sin(®) — cos(o)] (14)

The only reflection coeflicient that is computed differently is the reflection at the technical surface at the end
of the domain. It is assumed, that the boundary will absorb most of the incident intensity. Only a small reflection
of 5% will be diffusely reflected in the hemisphere in the direction of the transceiver. The transceiver will only
detect the fraction of that according to the corresponding solid angle A2,,,4.

Received: 15 December 2023; Accepted: 8 May 2024
Published online: 22 May 2024

References

1. Emmert, J. Spectrally Resolved Absorption Tomography for Reacting, Turbulent Gas Phase Systems: Theory and Application. Dis-
sertation, Reactive Flows and Diagnostics, Technical University of Darmstadt, Darmstadt (2022).

2. Schneider, H. et al. Combined flow, temperature and soot investigation in oxy-fuel biomass combustion under varying oxygen
concentrations using laser-optical diagnostics. Fuel 362, 130771. https://doi.org/10.1016/j.fuel.2023.130771 (2024).

3. Frank, J. H. Advances in imaging of chemically reacting flows. J. Chem. Phys. 154(4), 40901. https://doi.org/10.1063/5.0028249
(2021).

4. Malmgqpvist, E., Brydegaard, M., Aldén, M. & Bood, J. Scheimpflug Lidar for combustion diagnostics. Opt. Express 26(12), 14842
14858. https://doi.org/10.1364/OE.26.014842 (2018).

5. Teichert, H., Fernholz, T. & Ebert, V. Simultaneous in situ measurement of CO, H,0O, and gas temperatures in a full-sized coal-fired
power plant by near-infrared diode lasers. Appl. Opt. 42(12), 2043-2051. https://doi.org/10.1364/A0.42.002043 (2003).

6. Schlosser, E., Fernholz, T., Teichert, H. & Ebert, V. In situ detection of potassium atoms in high-temperature coal-combustion
systems using near-infrared-diode lasers. Spectrochim. Acta Part A Mol. Biomol. Spectrosc. 58(11), 2347-2359. https://doi.org/10.
1016/S1386-1425(02)00049-5 (2002).

7. Diemel, O., Honza, R., Ding, C.-P.,, Bhm, B. & Wagner, S. In situ sensor for cycle-resolved measurement of temperature and mole
fractions in IC engine exhaust gases. Proc. Combust. Inst. 37(2), 1453-1460. https://doi.org/10.1016/j.proci.2018.06.182 (2019).

8. Titchener, J. et al. Single photon Lidar gas imagers for practical and widespread continuous methane monitoring. Appl. Energy
306, 118086. https://doi.org/10.1016/j.apenergy.2021.118086 (2022).

9. Larsson, J. et al. Atmospheric CO, sensing using Scheimpflug-lidar based on a 1.57-um fiber source. Opt. Express 27(12), 17348
17358. https://doi.org/10.1364/OE.27.017348 (2019).

Scientific Reports |

(2024) 14:11708 | https://doi.org/10.1038/s41598-024-61644-9 nature portfolio


https://doi.org/10.1016/j.fuel.2023.130771
https://doi.org/10.1063/5.0028249
https://doi.org/10.1364/OE.26.014842
https://doi.org/10.1364/AO.42.002043
https://doi.org/10.1016/S1386-1425(02)00049-5
https://doi.org/10.1016/S1386-1425(02)00049-5
https://doi.org/10.1016/j.proci.2018.06.182
https://doi.org/10.1016/j.apenergy.2021.118086
https://doi.org/10.1364/OE.27.017348

www.nature.com/scientificreports/

10. Mei, L. & Brydegaard, M. Continuous-wave differential absorption lidar. Laser Photon. Rev. 9(6), 629-636. https://doi.org/10.1002/
lpor.201400419 (2015).

11. Spuler, S. M. et al. Field-deployable diode-laser-based differential absorption lidar (DIAL) for profiling water vapor. Atmos. Meas.
Tech. 8(3), 1073-1087. https://doi.org/10.5194/amt-8-1073-2015 (2015).

12. Spuler, S. M. et al. MicroPulse DIAL (MPD): A diode-laser-based lidar architecture for quantitative atmospheric profiling. Atmos.
Meas. Tech. 14(6), 4593-4616. https://doi.org/10.5194/amt-14-4593-2021 (2021).

13. Brydegaard, M. et al. Short-Wave infrared atmospheric scheimpflug lidar. EP] Web Conf. 176, 1012. https://doi.org/10.1051/epjco
nf/201817601012 (2018).

14. Kaldvee, B., Bood, J. & Aldén, M. Picosecond-lidar thermometry in a measurement volume surrounded by highly scattering media.
Meas. Sci. Technol. 22(12), 125302. https://doi.org/10.1088/0957-0233/22/12/125302 (2011).

15. Kaldvee, B., Ehn, A., Bood, J. & Aldén, M. Development of a picosecond lidar system for large-scale combustion diagnostics. Appl.
Opt. 48(4), B65-72. https://doi.org/10.1364/A0.48.000B65 (2009).

16. Kaldvee, B., Brackmann, C., Aldén, M. & Bood, J. Highly range-resolved ammonia detection using near-field picosecond differential
absorption lidar. Opt. Express 20(18), 20688-20697. https://doi.org/10.1364/OE.20.020688 (2012).

17. Yu, S., Zhang, Z., Li, M. & Xia, H. Multi-frequency differential absorption lidar incorporating a comb-referenced scanning laser
for gas spectrum analysis. Opt. Express 29(9), 12984-12995. https://doi.org/10.1364/OE.421096 (2021).

18. Stroud, J. R,, Dienstfrey, W. J. & Plusquellic, D. E. Study on local power plant emissions using multi-frequency differential absorp-
tion LIDAR and real-time plume tracking. Remote Sens. 15(17), 4283. https://doi.org/10.3390/rs15174283 (2023).

19. Ray, P, Salido-Monzu, D., Camenzind, S. L. & Wieser, A. Supercontinuum-based hyperspectral LIDAR for precision laser scanning.
Opt. Express 31(20), 33486-33499. https://doi.org/10.1364/0e.498576 (2023).

20. Boudreau, S., Levasseur, S., Perilla, C., Roy, S. & Genest, J. Chemical detection with hyperspectral lidar using dual frequency combs.
Opt. Express 21(6), 7411-7418. https://doi.org/10.1364/OE.21.007411 (2013).

21. Weitkamp, C. (ed.) Lidar: Range-Resolved Optical Remote Sensing of the Atmosphere. Springer Series in Optical Sciences Vol. 102
(Springer Science+Business, 2005).

22. Modest, M. E. Radiative Heat Transfer 3rd edn. (Academic Press, 2013).

23. Demtroder, W. Laser Spectroscopy Vol. 1 (Springer Berlin Heidelberg, 2014).

24. Eid, M. M. A,, Rashed, A. N. Z. & Amiri, L. S. Fast speed switching response and high modulation signal processing bandwidth
through LiNbO; electro-optic modulators. J. Opt. Commun. https://doi.org/10.1515/joc-2020-0012 (2020).

25. Gordon, I. E. et al. The HITRAN2020 molecular spectroscopic database. J. Quant. Spectrosc. Radiat. Transf. 277, 107949. https://
doi.org/10.1016/j.jqsrt.2021.107949 (2022).

26. Diemel, O., Pareja, J., Dreizler, A. & Wagner, S. An interband cascade laser-based in situ absorption sensor for nitric oxide in
combustion exhaust gases. Appl. Phys. B 123(5), 1-8. https://doi.org/10.1007/s00340-017-6741-8 (2017).

27. Greifenstein, M. & Dreizler, A. Influence of effusion cooling air on the thermochemical state of combustion in a pressurized model
single sector gas turbine combustor. Combust. Flame 226, 455-466. https://doi.org/10.1016/j.combustflame.2020.12.031 (2021).

28. Johe, P. et al. Characterization of flow field and combustion dynamics in a novel pressurized side-wall quenching burner using
high-speed PIV/OH-PLIF measurements. Int. J. Heat Fluid Flow 94, 108921. https://doi.org/10.1016/j.ijheatfluidflow.2021.108921
(2022).

29. Satapathy, A. K. & Nashine, P. Solving transient conduction and radiation using finite volume method. Int. Sch. Sci. Res. Innov. 8,
645-649 (2014).

30. Chai, J. C. One-dimensional transient radiation heat transfer modeling using a finite-volume method. Numer. Heat Transf. Part B
Fundam. 44(2), 187-208. https://doi.org/10.1080/713836346 (2003).

31. Emmert, ], Blume, N. G., Dreizler, A. & Wagner, S. Data analysis and uncertainty estimation in supercontinuum laser absorption
spectroscopy. Sci. Rep. 8(1), 10312. https://doi.org/10.1038/s41598-018-28705-2 (2018).

32. Mueller, J. L. & Siltanen, S. Linear and Nonlinear Inverse Problems with practical Applications (Computational Science And Engineer-
ing 10) (SIAM, Society for Industrial and Applied Mathematics, 2012).

33. Hansen, P. C. Rank-Deficient and Discrete Ill-Posed Problems: Numerical Aspects of Linear Inversion (Society for Industrial and
Applied Mathematics, 1998).

34. Aster, R. C., Borchers, B. & Thurber, C. H. Parameter Estimation and Inverse Problems (Elsevier, 2019).

35. Hansen, P. C. Analysis of discrete Ill-posed problems by means of the L-curve. SIAM Rev. 34(4), 561-580. https://doi.org/10.1137/
1034115 (1992).

36. Eftekhari, A. A. & Schiiller, K. FVTool: A finite volume toolbox for Matlab. Zenodo Okt. https://doi.org/10.5281/zenodo.32745
(2015).

Acknowledgements

The authors thank the German Research Foundation for funding this work as part of the CRC129 (Deutsche
Forschungsgemeinschaft, Project Number 215035359). Kyle Daun acknowledges the Alexander von Humboldt
foundation for supporting a research stay.

Author contributions

C.H. performed the simulations. C.H. and M.B. performed the measurements, data evaluation and wrote the
main manuscript. J.E. conceptualized the project and reviewed the manuscript. K.J.D. and S.W. supervised the
project and reviewed the manuscript.

Funding
Open Access funding enabled and organized by Projekt DEAL.

Competing interests
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to S.W.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Scientific Reports |

(2024) 14:11708 | https://doi.org/10.1038/s41598-024-61644-9 nature portfolio


https://doi.org/10.1002/lpor.201400419
https://doi.org/10.1002/lpor.201400419
https://doi.org/10.5194/amt-8-1073-2015
https://doi.org/10.5194/amt-14-4593-2021
https://doi.org/10.1051/epjconf/201817601012
https://doi.org/10.1051/epjconf/201817601012
https://doi.org/10.1088/0957-0233/22/12/125302
https://doi.org/10.1364/AO.48.000B65
https://doi.org/10.1364/OE.20.020688
https://doi.org/10.1364/OE.421096
https://doi.org/10.3390/rs15174283
https://doi.org/10.1364/oe.498576
https://doi.org/10.1364/OE.21.007411
https://doi.org/10.1515/joc-2020-0012
https://doi.org/10.1016/j.jqsrt.2021.107949
https://doi.org/10.1016/j.jqsrt.2021.107949
https://doi.org/10.1007/s00340-017-6741-8
https://doi.org/10.1016/j.combustflame.2020.12.031
https://doi.org/10.1016/j.ijheatfluidflow.2021.108921
https://doi.org/10.1080/713836346
https://doi.org/10.1038/s41598-018-28705-2
https://doi.org/10.1137/1034115
https://doi.org/10.1137/1034115
https://doi.org/10.5281/zenodo.32745
www.nature.com/reprints

www.nature.com/scientificreports/

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2024

Scientific Reports|  (2024) 14:11708 | https://doi.org/10.1038/541598-024-61644-9 nature portfolio


http://creativecommons.org/licenses/by/4.0/

	Towards a spatially resolved, single-ended TDLAS system for characterizing the distribution of gaseous species
	Theoretical conceptualization of the measurement principle
	LiDAR equations for narrow wavelength tuning
	Reflection parameter

	Merging TDLAS and ToF-LiDAR
	Results
	Scenario 1: two gas volumes separated by a window
	Scenario II: continuous distribution of scatterers

	Conclusions
	Appendix
	Data evaluation
	Simulation: finite volume method
	Simulation: source term S
	References
	Acknowledgements


