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Abstract
Scheimpflug lidar is a compact alternative to traditional lidar setups. With Scheimpflug lidar it
is possible to make continuous range-resolved measurements. In this study we investigate the
feasibility of a Scheimpflug lidar instrument for remote sensing in pool flames, which are
characterized by strong particle scattering, large temperature gradients, and substantial
fluctuations in particle distribution due to turbulence. An extinction coefficient can be extracted
using the information about the transmitted laser power and the spatial extent of the flame.
The transmitted laser power is manifested by the intensity of the ‘echo’ from a hard-target
termination of the beam located behind the flame, while the information of the spatial extent of
the flame along the laser beam is provided by the range-resolved scattering signal.
Measurements were performed in heptane and diesel flames, respectively.

Keywords: lidar, real-time monitoring, combustion

(Some figures may appear in colour only in the online journal)

1. Introduction

Light detection and ranging (lidar), is an optical remote sens-
ing technique in which backscattered light from a laser beam is
detected with range resolution. The well-defined spatial, tem-
poral, and spectral properties of laser light allow a lidar system
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to provide information about a probe volume extending over
distances in the order of kilometers. The technique is well
established in atmospheric science, where it is applied to mon-
itor and characterize temperature, wind speed, and atomic/
molecular and particulate species [1–3]. In addition to atmo-
spheric science, other application fields include topography,
forestry, and ecological research [4–6]. The principles of lidar
and examples of applications are described in [7, 8].

Although lidar technology has changed since its advent
in the 1970s, the design has remained mostly constant; a
high-intensity laser pulse of short duration (typically 10 ns)
transects a remote region of interest, and the induced light
scattering is collected by a telescope and temporally resolved
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on a detector. Range-resolved information is hence readily
obtained by converting the time-resolved signal into a range-
resolved signal using the speed of light in the medium. Ulti-
mately, the range resolution, ∆R = cτL/2, is limited by the
laser pulse duration L. Nanosecond laser pulses thus provide
a maximum range resolution of approximately 1 m, which
is adequate in many applications, but often insufficient for
industrial combustion studies, such as monitoring processes
in power plants, boilers, or fires. The range resolution can be
improved by using shorter laser pulses as long as the detector
provides a bandwidth that matches the laser pulse duration.
A range resolution of 5 mm has been demonstrated using a
picosecond laser and a streak camera [9]. The ps-lidar system
was demonstrated for thermometry in a full-scale room fire
experiment [10]. Despite the potential for ps-lidar, it requires
a heavy and bulky system and amode-locked picosecond laser,
which also necessitates quite stable conditions in terms of the
temperature and humidity of the surroundings. On-site indus-
trial applications are therefore very challenging.

In 2015, a new lidar technique was proposed and
demonstrated [11]. This technique, called Scheimpflug-lidar,
does not utilize the time-of-flight concept, but rather achieves
range resolution by imaging the backscattered light onto
a tilted linear sensor. In a sense, this approach is remin-
iscent of the very first attempts at active remote sensing
based on triangulation with continuous-wave (cw) search-
lights. Scheimpflug-lidar requires a setup aligned so that the
laser beam, the optical axis of the collection optics, and the ori-
entation of the linear sensor satisfy the Scheimpflug condition.
Correctly aligned, the focal plane of the sensor is located along
the laser beam and thus the scattered laser light can be sharply
imaged with spatial resolution along the laser beam propaga-
tion direction. Since the technique does not require a high-
power short-pulse laser, the setup is compact and relatively
inexpensive due to the availability of cw diode lasers. Since
the first demonstration of the technique for atmospheric sens-
ing of oxygen concentration based on differential absorption
[11], it has been applied, primarily, in ecological research [6].
Furthermore, down-sized setups suitable for combustion dia-
gnostics have been demonstrated [3, 12].

In the present work a prototype for a compact and port-
able Scheimpflug-lidar instrument has been designed and its
feasibility for practical applications in full-scale industrial
environments has been tested. The lidar device contains both
light source (a 40 mW cw diode laser) and collection optics
in a single unit mounted on a tripod, and instrumental set-
tings and data acquisition are controlled by a laptop PC. The
measurements were performed in pool fires (turbulent diffu-
sion flames) created by burning evaporating liquid fuels con-
tained in a 60 cm diameter pool. The sooty pool fires were
located about 3 m from the lidar device. Flames based on
two different fuels, namely heptane and diesel, were invest-
igated. The study demonstrates that the total flame extinction
can be determined quantitatively by analyzing the intensity of
the lidar signal reflected off a beam termination screen loc-
ated about 4 m behind the flame. The simultaneously recorded
range-resolved scattering signal from the flame allows estim-
ation of the flame size along the laser beam direction, and

dividing by the measured total extinction yields an extinction
coefficient. The results show that the lidar device is feas-
ible for remote sensing in larger combustion environments,
which is promising for applications in full-scale industrial
environments, where conditions are harsh and optical access
is limited.

2. Methods and materials

Figure 1 shows a photograph of the lidar instrument mounted
on a tripod. The device has the dimensions 50× 40× 20 cm3,
and weighs about 13 kg. With the tripod set up and extended,
the device stands at 1 m. Due to its smaller size and compact-
ibility, the lidar instrument can fit into the trunk of a regular
passenger car, thus allowing easy transportation. Preparation
of the system prior to a field experiment takes about 30 min to
an hour for the first initialization. To initialize the setup, first,
theoretical calculations are made to determine the location of
where the lidar device should be placed for the observed area.
Once the lidar device is placed in its position, a rough align-
ment is done by observing the back-reflected light on the diode
array. Afterwards, the signal can be observed on the computer
and the angle of the laser can be changed to optimize the signal
and place the back reflection of a known distance at a specific
pixel. Additional changes to the lens and sensor focusing are
done to further optimize the signal. Once the setup has been
aligned, further adjustments can be made within minutes to
optimize the signal.

Figure 2 shows a schematic illustration of the optical
arrangement for Scheimpflug lidar. As can be seen, the
detector, i.e. a line-array CMOS sensor (Hamamatsu, S11639-
01, 2048 pixels), is tilted relative to the collection lens (2′′ dia-
meter). The intersection of the image plane, in which the line-
array detector is located, the lens plane, and the object plane,
in which the laser beam is propagating, is called the Scheim-
pflug intersection. In addition, the position of the object plane
is constrained by the Hinge rule, which dictates that the front
focal plane of the lens, the object plane, and the image plane
displaced to the center of the lens, must coincide.

With the system aligned according to the mentioned prin-
ciples, the 450 nm diffraction-limited cw laser beam, provided
by a diode laser (Thorlabs PL450B-450 nm, 80mWmaximum
output power, 100:1 linear polarization), a section of the beam,
corresponding to the start of the field of view (red star) to
a point corresponding to the end of the field of view (green
circle), is sharply imaged onto the line-array sensor.

The angle of viewing constrains the resolution and res-
ults in a nonlinear range resolution i.e. a pixel receiving light
from a far location accommodates light from a longer sample
volume than a pixel receiving light from a nearby location.
A consequence of the resolution varying nonlinearly with
range is that it counteracts the inevitable 1/R2 dependence
of the light collection efficiency, meaning that it is possible
to obtain an instrument response that is essentially constant
across the entire range, thus maximizing the dynamic range
of the instrument [12]. In order to suppress light at other
wavelengths than 450 nm, an interference filter, having center
transmission wavelength at 450 nm and 10 nm full width at
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Figure 1. Photography of the Scheimpflug-lidar device.

Figure 2. Schematic illustration of the optical arrangement for Scheimpflug-lidar.

half maximum (FWHM), is positioned in front of the collec-
tion lens. Data acquisition and instrument settings are con-
trolled by a laptop PC. The lidar instrument not only provides
high range resolution, but also high temporal resolution, as the
line-array detector has a maximum effective sampling rate of
2000 lines s−1 and 16-bit dynamic range, allowing for studies
of the dynamics of large probe volumes. The high sampling
rate of the line-array detector also offers online background
subtraction by modulating the laser beam on and off in syn-
chronization with the detector exposures [4].

In the present experiments, the laser beam is directed
towards a termination screen located about 7 m from the lidar
instrument. Between the instrument and the termination screen
a pool flame is positioned, at a distance of about 3 m from the
lidar instrument. The flame is produced by igniting the liquid
fuel inside a 0.6 m diameter pool (see the photo in figure 3).

3. Results and discussion

Figure 4 shows sets of lidar data recorded in a heptane flame
(panel a) and a diesel flame (panel b), respectively, with a laser
power of 40 mW. A background, corresponding to the sig-
nal recorded with the laser beam switched off, was subtrac-
ted according to the on-line subtraction procedure described
above. The heptane flame data (panel a) was recorded with
a sampling rate of 1000 lines s−1, whereas the diesel flame
data was recorded with a rate of 2000 lines s−1. In the data
matrices, time is on the x-axis, range (distance from the lidar
device) is on the y-axis, while the color scale reflects lidar
signal intensity. Each column is a lidar curve recorded at a
particular time. Note that the x-scale and the color bars are dif-
ferent in the two panels. A bright band located at a distance of
∼3m is clearly observable in panel a. This band corresponds to
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Figure 3. Photo of the experiment. The lidar device located in the lower left portion of the photo is aimed at the flame. The laser beam
passes through the flame, giving rise to strong elastic light scattering, and is then terminated on a screen located behind the flame.

Figure 4. Lidar data recorded from the heptane flame (a) and diesel flame (b). Note the different x- and color scales.
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Figure 5. (a) Example of a single lidar curve extracted from the data shown in figure 4(a). (b) The signal due to scattering from the flame
(dots) together with the best-fit Gaussian profile (solid red line). (c) Example of single lidar curve extracted from data shown in figure 4(b).
(d) The signal due to scattering from the flame (dots) together with the best-fit Gaussian profile (solid red line). (e) Example of single lidar
curve from figure 4(b) when the diesel flame is dying and no longer acts as single flame. (f) Poorly fitted Gaussian fit to dying flame in
figure 5(e).

elastic scattering from the flame. From the color bar it is evid-
ent that the scattering signal from the diesel flame (panel b)
is significantly stronger than the scattering from the heptane
flame (panel a).

The other bright structure, at a distance of ∼7 m corres-
ponds to laser light reflected off of the termination screen. The
intensity and the position of the termination signal varies over
time. The variation in intensity is due to the varying scattering
of the turbulent flame, i.e. the extinction of the laser light var-
ies in time. This relation between extinction observed through
the strength of the termination ‘echo’ and the light scattering
caused by the flame is particularly evident at the time 0.22 s
in panel b, where the flame is abruptly extinguished, thus res-
ulting in an abrupt increase in the termination signal intensity.
The reason for the spatial variation of the termination signal
over time observed in both panels is most likely beam steering
from flame turbulence.

Examples of single lidar curves, extracted from the data dis-
played in figure 4, are shown in figure 5. The scattering from
the flame is evident as a distinct peak located at about 3m away
for the heptane flame and about 2.5 m for the diesel flame.

The reflection from the termination screen corresponds to the
intense peak at about 7 m distance. It is possible to estimate
the spatial extent of the flame along the laser beam direction
by fitting a Gaussian function to the scattering signal from the
flame, as shown in figures 5(b) and (d). This method is limited
by the shape of the flame and an example of when this method
no longer applies can be seen in figure 5(e), where the applica-
tion of a Gaussian fit to the flame gives the result in figure 5(f).
Regardless of the poor fit, the lidar curve still gives spatial
information and merely requires a more robust and complic-
ated method to extract more precise spatial information from
a non-Gaussian shape. The S/N ratio is measured by taking
the ratio between the noise (defined as the rms value) located
outside of the signals and the peak height of the Gaussian as
shown in figure 5(b) gives a S/N of 31.9 while the S/N cor-
responding to the data shown in figures 5(d) and (f) are 82.3
and 3.29, respectively. Taking all the S/N ratio of all the lidar
curves in figures 4(a) and (b) give an average S/N ratio of 32.3
for the heptane flame and 86.5 for the diesel flame.

Taking the FWHM as the flame size, figure 6 shows the
measured flame size for the heptane flame (panel a) and the
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Figure 6. Measured flame size along the laser beam for the heptane (a) and diesel flame (b).

Figure 7. Measured total extinction for the heptane (a) and diesel flame (b), respectively.

Figure 8. Measured extinction coefficients for the heptane (a) and diesel flame (b).

diesel flame (panel b). The mean flame size for the heptane
flame is 0.11 m and the standard deviation is 0.040 m. The
diesel flame size is a little more than half as large, with a mean
value of 0.07 m and a standard deviation 0.05 m.

The total flame extinction can be extracted from the intens-
ity of the peak due to the reflection from the termination
screen. The reference intensity, I0, (corresponding to zero
extinction) is the termination peak intensity recorded without a
flame. Hence, with a termination peak intensity recorded with
the flame present, If, the total extinction is given by

µtot = ln
I0
If
. (1)

Next, the flame-size results, shown in figure 6, are com-
bined with the measured total extinction, shown in figure 7, to
extract an extinction coefficient, which is given by

µ=
µtot

Lflame
(2)

where Lflame is the flame size as defined above. The eval-
uated extinction coefficients for the two flames are plot-
ted in figure 8. The mean extinction coefficient is 33 m−1

(standard deviation 18 m−1) for the heptane flame and 96 m−1

(standard deviation 72 m−1) for the diesel flame. The extinc-
tion coefficient for the diesel flame is about three times
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higher than for the heptane flame. This result is not surpris-
ing since a diffusion flame burning on diesel gives rise to
higher soot volume fraction than a flame burning on heptane
[13]. The standard deviations of the extinction coefficients
suggest that the combustion of diesel is more turbulent than for
heptane.

4. Conclusions

Acompact and portable lidar instrument, based on the Scheim-
pflug principle, has been constructed and its feasibility for
practical diagnostics has been investigated through remote
sensing experiments on pool fires burning heptane and diesel.
Overall, the experiments demonstrate that the instrument with-
stands the prevailing challenging conditions, i.e. variations in
temperature and humidity. By combining the information of
the laser light transmission through the flame, achieved via the
intensity of the laser light reflected off a termination screen,
and the spatial extent of the flame, obtained through the range
resolved flame scattering, extinction coefficients for the flames
can be estimated. These results indicate that the Scheimpflug
lidar device, requiring only one optical port and providing
range-resolved remote sensing, could be a valuable diagnostic
tool in harsh intractable environments such as those prevailing
in real industrial applications.
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