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Measuring the deformation of building elements engulfed by flames is essential in fire research to improve safety in 
the event of a fire. Ideally, the measurement system should be non-contact and able to range at the millimeter to 
meter scale with sub-mm precision and sufficient speed to capture temperature-induced deformations of the target 
object. To date, no ranging technology has been demonstrated that meets those requirements while imaging through 
flames. Here, we show that coherent laser detection and ranging (LADAR) can provide three-dimensional images of 
objects hidden behind methane or acetylene flames with sufficiently high precision to track their deformation. The 
heterodyne detection of coherent frequency modulated continuous wave (FMCW) LADAR allows the ranging signal 
to be detected in the presence of strong radiation of the flames. We measure three-dimensional point clouds of 
diffusely scattering complex surfaces with a precision of less than 30 μm at 2-meter stand-off distance, despite soot-
induced signal loss and steering (refraction) of the ranging laser by the flames. Movies of the heat-induced surface 
deformation of objects illustrate the temporal performance. These data show that FMCW LADAR can quantify the 
deformation and movement of objects in fires, when non-contact shape measurements at stand-off distances of 
multiple meters are crucial. 
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1. Introduction 
In situ monitoring of deforming objects such as beams, columns or pipes 
engulfed by flames is essential to study the influence of fire on buildings 
and other structures and identify research, technology and regulatory 
needs to improve structure performance in the event of a fire [1–5]. 
Measurements on the millimeter to meter scale with sub-mm precision 
are typically required, and are challenging to perform through a fire’s 
extreme environmental conditions. Glowing hot structural materials 
and gas temperatures in excess of 1200C severely limit direct (contact) 
measurement using electromechanical sensors and traditional imaging 
is hindered by fire spectrum interference [6]. So far, no method has been 
demonstrated that excels at both seeing through flames and offering 
high precision at larger stand-off where photon efficiency is crucial. 

Contactless optical three-dimensional (3D) distance metrology is 
used in many fields including precision machining, part inspection, and 
manufacturing [7–9].  There are numerous approaches to capture a 3D 
shape with light, including incoherent and coherent methods. Each 
method varies in performance and requirements in terms of precision, 
acquisition rate, and lighting condition. Structured light [10] offers very 
high update rates, enabling for example the capture of changes in facial 
expressions, but requires a well-controlled environment and short 
stand-off distances. It is thus not well-suited to measure small 
deformations of objects situated many meters away from the 
measurement setup, especially when hidden behind flames and smoke 
[11]. Ref. [12] successfully applied digital holography through smoke 
and flames using long wavelength illumination at 10.6 m, but required 
a specialty camera sensitive to 10.6 μm and high-power laser 
illumination. Recently, single laser triangulation with blue (405 nm) 
light successfully ranged through small (< 4 kW) natural gas flames [11], 
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but this method is generally applicable only at stand-offs of  10 mm to 
1 m [9]. Coherent cw laser ranging offers high photon efficiency to 
support large stand-off distances at modest output power levels and 
strong rejection of stray light from flames [13]. In this paper, we 
demonstrate that frequency modulated continuous wave laser 
detection and ranging (FMCW LADAR) [14–16], which is essentially 
identical to swept-laser optical coherence tomography [17], can 
successfully capture 3D point clouds of deforming objects through 
flames, with traceable precision and at sampling rates sufficient for most 
structural fire engineering applications. 

FMCW LADAR has many attractive features for imaging through 
flames. The heterodyne detection used in FMCW LADAR is robust 
against background radiation from the fire, even when operating at 
1560 nm (corresponding to the peak radiance wavelength of a 1900 K 
blackbody, close to typical flame temperatures). FMCW LADAR is very 
sensitive (photon efficient), enabling ranging to a diffusely scattering 
surface in or behind a sooty flame. It can operate at large stand-off 
distances, which allows the user to place the measurement setup out of 
harm’s way. The setup can also be placed in a semi-transparent 
protective enclosure, as FMCW LADAR allows masking and filtering of 
signals based on distance. Finally, the combination of fiber-optic 
delivery and simple single-element photodetection allows for versatile, 
compact configurations.  

Here, we show that FMCW LADAR can successfully retrieve 3D point 
clouds at high ranging precisions (of 30 μm or better) when ranging 
through the highly turbulent environment, with strong refractive index 
variations, scattering and attenuation encountered with flames. We 
quantify the effects of both a low-soot yield methane flame and a sooty 
acetylene flame on the FMCW LADAR ranging precision.  We show that 

                                                                                 
1 Certain commercial products are identified in this paper to specify the 
materials used and the procedures employed. In no case does such 
identification imply endorsement or recommendation by the National 

the update rate is sufficient to capture non-reversible surface 
deformations induced by the heat of the flames at 30-μm ranging 
precision by acquiring movies of melting chocolate, an Aluminum step 
block, and a geometrically-complex plastic toy. Finally, we discuss 
scaling to larger structure fires.  

2. Measurement setup 
Figure 1 shows an overview of our ranging setup. The light from the 

FMCW LADAR module is output in a polarization maintaining (PM) 
fiber and launched into free-space through a physical contact (PC) fiber 
connector. This connector doubles as a 4 % reflector, generating the 
local oscillator (LO), or fixed reference path, light. A fraction of the 
launched light is reflected by the target and captured back into the single 
mode PM fiber, after which it is heterodyned with the LO.  

In FMCW, the laser light has a constant optical frequency chirp. As a 
result, the heterodyne signal is modulated at a radio frequency (RF) 
given by the product of this frequency chirp and the delay time  
between target and LO reference reflection. Since the chirp is known, the 
measured RF modulation frequency gives the delay time τ and finally 
the range R=c/(2n), where c is the speed of light and n is the refractive 
index of the optical path. 

We use a commercial FMCW LADAR unit from Bridger Photonics, 
Inc.1 (model SLM-IM) with an update rate of 1 kHz (upgradeable to 4 
kHz). Its ~25 mm diameter, 17 mW beam is launched and focused to 
300 m 1/e2 diameter at 2 meters stand-off by an adjustable beam 
expander. For these experiments, the optical beam passes through a 
diffusion flame that is ~50 mm thick and ~0.3 m - ~ 0.5 m tall. The flame 
is generated from methane or acetylene gas with a flow rate of 
~20 l/min through a slot burner of dimensions 310 mm  15 mm. The 

Institute of Standards and Technology, nor does it indicate that the 
products are necessarily the best available for the purpose. 

 

Figure 1: a) Experimental ranging setup. A target obstructed by flames (depicted is an acetylene flame) is scanned with a FMCW 
LADAR.  The target is placed ~ 0.5 m behind this wall of flames, the total stand-off is 2 meters.  Range measurements are taken 
continuously at a 1 kHz update rate. A fast steering mirror (FSM) sweeps the beam across the target and the resulting 3D point 
cloud is then transformed to obtain Cartesian xyz points. b) xyz 3D point clouds. Left panel: machined aluminum step-block. Right 
panel: video (see visualization 1) of a piece of chocolate, showing the deformation due to the flame heat (the frame rate is 
accelerated 60x to 1 Hz). 



target is placed ~ 0.5 m behind this ‘wall of fire’. A 3D point cloud is 
acquired by scanning the LADAR beam across the target using a fast 
steering mirror (FSM). Each range measurement is corrected for 
geometrical distortions introduced by the FSM to give a xyz point cloud 
in Cartesian coordinates [15]. The sampling density was chosen 
according to the desired area coverage and precision requirements. 
Figure 1b) shows two 3D point clouds; On the left, a 500 × 500 point 
cloud of a machined aluminum step-block acquired in 250 seconds and 
on the right 250 × 250 voxel/frame video of a piece of chocolate melting 
due to the heat of the flame. The video covers ~ 6 minutes at a frame 
rate of one frame per 60 seconds. 

3. FMCW LADAR: Oversampling, frame rate, 
achievable range precision  
In this section, we first review the performance in the absence of flames 
including lateral sample spacing, frame rate, range precision and 
measurement depth. The frame rate of a scanning 3D ranger is the 
number of points per image multiplied with the fixed single-point 
measurement time. The choice of a frame rate therefore involves trade-
offs between covered area, spatial resolution (lateral sample spacing), 
time resolution, and range precision. In this work, all 3D images were 
acquired using a triangular scanning pattern. The single-point 
measurement time was 1/1 kHz = 1 ms. This 1 kHz update rate is not 
fundamental and is expected to increase at least fourfold in the future. 

 

Figure 2: 3D images of the step-block. a) 106 point cloud, corresponding 
to 16 minutes/frame, b) 10 000 point cloud at 10 seconds/frame. Note 
that the mapped area on the step-block differs slightly.   

Figure 2 shows two 3D images of the same 4200 mm2 surface, for 106 
points at a 1 mHz frame rate (panel a) and for 10 000 points at a 0.1 Hz 
frame rate (panel b). While the reduced number of measurements 
covering the surface in b) gives a noisier image, most of the target’s steps 
(varying from 30 m to 3 mm) are still visible.  

As discussed in Ref. [15], speckle noise and other effects can lead to 
range outliers. In general, following [15], we limit valid range 
measurement to a signal-to-noise ratio (SNR) of at least 30 dB, which 
masks bad measurements caused for example by increased speckle 
phase noise [18], sharp edges of the target, or distances well outside of 
the focused beam’s Rayleigh range. For our optics, the Rayleigh range 
was about 50 mm and, as a general rule of thumb, we then require the 
target depth variations to be within the corresponding confocal range of 
~100 mm for a “sharp” image.  

 To quantify the measurement precision, we calculate the 1- 
standard deviation of a cross-section along the x-axis for a flat portion of 
the aluminum step block shown in Figure 2 (after applying a linear fit to 
remove any overall slant).  As discussed in Ref. [18], the precision will 
depend on the scan speed (or lateral sample spacing) because of  

moving speckle noise. For example, comparing a densely sampled 
image to a sparsely sampled one, as shown in Figure 2, the precision 
deteriorates from 20 m (including range deviations of a not perfectly 
flat surface) to 100 m, and it becomes hard to quantify the smallest step 
of 30 m. In general, to avoid excessive speckle noise, the scanning 
measurement beam should move by less than half a beam diameter 
during a single measurement. As discussed below, this same speckle 
noise will couple angular beam jitter induced by the flames with a slight 
decrease in measurement precision. 

4. 3D Imaging of complex and deforming objects 
through flames 

We now consider 3D images obtained while ranging through flames. 
Both methane and acetylene diffusion flames are used to test ranging 
under different flame conditions. Compared with clean-burning 
methane, acetylene produces a higher temperature, more luminous, 
sooting flame. Figure 3 shows two xyz 3D false-colored images of the 
aluminum step-block with 1 million pixels per image, acquired in 1000 s 
(highly oversampled to avoid additional moving speckle noise as 
described above).  Figure 3a) is taken without flame, while Figure 3b) is 
obtained while ranging through a ~50 mm thick acetylene flame with 
the block almost completely obscured by the flame visually (shown in 
Figure 1a)). As seen in Figure 3, the two 3D images appear nearly 
identical.  

 

Figure 3: 3D xyz point cloud of the aluminum step-block where z is 
indicated in false color. A linear slope is removed from both images. a) 
3D image with no flame in the ranging path. b) 3D image with block 
placed 0.5 m behind a ~50-mm thick acetylene flame. 

Further analysis of the two images reveals a slight deterioration 
caused by the acetylene flame. First, the number of points that are 
removed because their SNR is below 30 dB increases from 1.66 % to 
2.43 %, which we attribute to increased soot scattering and attenuation. 
Second, there is a small percentage (0.02 %) of additional larger range 
outliers which deviate by more than ±100 m from an otherwise mostly 
flat measured surface. (These are masked out by thresholding.) Third, 
the ranging precision decreases from 20 μm to 31 μm. This slightly 
degraded precision and increase in large range outliers are attributed to 
beam deflection in the flame in conjunction with speckle as is described 
in the next section. 

Figure 4 shows a plastic skeleton placed behind a methane flame. 
While the skeleton is obscured by the flame in the video (Figure 4a)), the 



FMCW LIDAR is able to accurately measure its complex 3D shape Figure 
4b), showing details of the ribcage and hips. 
 

 

Figure 4: a) Video of methane flame and picture of a plastic skeleton, 
visualization 2. b) False-colored rendered 3D 1-million-point cloud of 
the plastic skeleton as mapped in 3D through the flame. 

Finally, to investigate the capabilities of the FMCW LADAR system to 
capture deforming objects, a piece of chocolate is placed behind a 
methane flame, where it deforms slowly due to the heat from the flame 
(Figure 5). The process is captured by both 2D video (at an oblique angle 
not traversing the flame (Figure 5b) and FMCW LADAR (through the 
flame Figure 5c). Each LADAR frame consists of 7500 points giving a 
frame rate of 0.13 Hz, sufficient to capture the chocolate deformation 
process. 35 LADAR frames are recorded in just over 4 minutes. Future 
increased frame rate of the FMCW LADAR to 4 kHz and beyond will 
further improve the 3D video time resolution. 

 

Figure 5: a) Sketch of ranging beam measuring melting chocolate 
through a methane flame. b) Picture of the chocolate bar and video (not 
through flame, visualization 3) of melting chocolate bar, visualization 4. 
c) LADAR video at a measured frame rate of 0.13 Hz (sped up to 10 Hz). 

5. Impact of flame on ranging 
To analyze the flame’s influence on ranging in more detail, we perform 
range measurements to a diffusely scattering aluminum target over 
many minutes without scanning the beam (i.e. with the FSM at a fixed 
position). The flame affects the measurement in several ways. First, the 
flame causes a lensing effect that deflects the laser beam. Second the gas 
refractive index changes with temperature, leading to changes in delay-
time and thus range measurements. Third, soot generated by the flame 
scatters and attenuates the laser light. In the following subsection, these 
effects are discussed in more detail and their effect on the ranging in 

terms of single-measurement precision, precision after averaging (Allan 
deviation) and the power spectral density (PSD), where the natural 
oscillation or flickering of a flame is evident. 

A. Beam deflection through flame 

In a first experiment, we quantify the effect of beam deflection on 
ranging through a flame. We first quantify the angular deflection caused 
by the flame. As shown in Figure 6a) the target is replaced by an indium 
gallium arsenide (InGaAs) focal plane array (FPA) with a 12.5 μm pixel 
pitch and a 60 Hz frame rate, situated about 0.4 m behind the flame at 
the target position. The laser beam is imaged by the FPA, and its x/y 
center coordinates are then calculated by fitting a 2D Gaussian to each 
FPA image from which we calculate the angular deflection.  As shown in 
Figure 6b), the beam suffers a maximum angular deflection of 
±0.75 mrad with a standard deviation of 0.1 mrad in both x and y 
direction. 

 

Figure 6: Effect of flame-induced beam deflection on ranging. a) 
Schematic of beam deflection measurements through a methane flame 
as captured by an InGaAs focal plane array (FPA). To avoid FPA 
saturation by the flame, light outside the FMCW LADAR bandwidth is 
blocked by an optical band-pass filter (BPF) centered at 1560 nm. b) 
Distribution of lateral beam-deflection in the x/y plane extracted from 
the FPA images. c) 3.5-second-long example of range measurements to 
a diffusely scattering aluminum target through a methane flame. Data is 
shown for a flame without scanning (pink), for no flame without 
scanning (black), and for no flame but while applying an angular jitter 
via the FSM equivalent to that induced by the flame (gray), d) 
corresponding range distribution (z-direction). 

The angular deflection of the beam couples to increased ranging 
noise in two ways.  Based on geometric considerations, if the target is 
slanted relative to the ranging beam (i.e. 𝜙𝑡 ≠ 90°), beam deflection 
will result in significant variation in measured range of 𝛿𝑟 =

𝑟0(sin(𝜙𝑡) /sin(𝜙𝑡 + 𝜙𝑓) − 1), where 𝑟0 is the nominal range and 𝜙𝑓 

is the beam deflection angle. We can confirm this effect by simply 
applying the same angular jitter with the FSM as is measured for a flame. 
As shown in Figure 6c) and d), the standard deviation (precision) of the 
range measurements increases from 2.5 m to 4 m for our measured 

flame-induced angular jitter of  𝜎(𝜙𝑓) = 0.1 mrad, corresponding to a 

target slant of 𝜙𝑡 = 85° and 𝑟0 = 0.4 m. In addition, the measured range 
distributions deviate from a normal distribution and show extended 
tails, which cannot be explained on geometrical grounds. These 
extended tails are explained by speckle phase noise, which is caused by 
the beam spot moving on the diffusely scattering surface [18]. Finally, as 
seen in Figure 6c), additional structure is present in the range 
measurement through the methane flame as compared to the FSM-jitter 



beam deflection. This structure is caused by the ‘flickering of the flame’ 
and will be discussed in section 5C below. 

B. Ranging offset in presence of flame 

In addition to increased uncertainty, there can be overall range offsets 
induced by the flame. Figure 7a) shows range measurements to the 
diffusely scattering aluminum target through an intermittent methane 
(or acetylene) flame. After the burner is ignited, the measured range 
slowly increases at ~ 85 nm /s until reaching a steady state. Once the 
flame is extinguished, the range measurements slowly decrease again 
over several minutes, returning to the pre-flame distance. This behavior 
is consistent with the expansion of the optical table caused by heating. 
Furthermore, the SNR on the ranging signal decreases when the flame 
is present (Figure 7a)). These effects are even stronger for acetylene, 
which is consistent with the higher temperature and higher soot 
content of the acetylene flame (see also section 5C). 

 

 

Figure 7: Ranging with fixed FSM position using the setup shown in 
Figure 1a) through a flame to an aluminum block at 2 m stand-off 
distance (the mean distance is subtracted from the plotted range). a) 
Measured range and SNR of the range signal acquired through a 
methane flame that is ignited at 0 s and extinguished at 1100 s. There is 
a slow range drift of initially 85 nm/s, that is attributed to thermal 
expansion of the experimental setup. b) Details showing the flame 
ignition (left panel) and extinction (right panel) events for both 
acetylene and methane flames. Traces in b) are smoothed with a 10-
point binomial filter. 

In addition to the slow thermal expansion of the optical table, we 
observe much faster range changes associated with a temperature-
induced change in the air’s index of refraction. As shown in the left panel 
of Figure 7b), the measured range decreases by -30 μm to -40 μm the 
moment the flame is lit for about 300 ms, which corresponds to the 
typical timescale associated with initial flame and flow instability. The 
range then stabilizes at about 5 m below the pre-flame value. Once the 
flame is extinguished, there is an equivalent 5 μm range increase (right 
panel of Figure 7b)). However, because it takes significantly longer for 
the air to cool down, this range increase is slower and thus visually less 
obvious, especially for the noisier acetylene flame. The 5 μm step 
corresponds to a 100 ppm refractive index change across the ~50 mm 
thick flame, which is in good agreement with literature [19]. 

C. Ranging stability and precision in the presence of turbulent 
flames 

As evident in Figure 6c), there is additional low-frequency noise 
structure present when ranging through a flame. To understand this, we 
analyze the fluctuations by both the PSD and Allan deviation. Figure 8 
shows PSDs for range measured through methane and acetylene flames 
and with no flame (measurements are taken without scanning). In the 
case of methane, the noise floor increases for frequencies below 200 Hz 
and a distinct peak around 10 Hz is visible, coincident with natural 
flickering frequencies of diffusion flames due to Kelvin-Helmholtz type 
instabilities [20]. The buoyancy stretches the flame and quenching is 
observed at the center, which can result in detachment of the flame from 
the burner, leaving only a small flame at the burner’s base. Vortices are 
formed as fresh non-reacting air is entrained into the flame [21,22]. In 
the time-domain range signal, the peak-to-peak excursion of the 10 Hz 
range oscillation is on the order of 3 m to 7 m, and can be explained 
by the above described flame instability oscillation which causes the  
 

 

Figure 8: a) Power spectral density (PSD) of range measurements when 
ranging through an acetylene flame, a methane flame and not through 
the flame, with the FSM held at a fixed position. The peak near 10 Hz is 
cause by flame flickering and the peaks between 50 Hz and 60 Hz are 
caused by the FSM. b) Ranging stability (overlapping modified Allan 
deviation) while ranging to the brushed aluminum target at 2-meter 
stand-off and fixed position FSM.  When there is no flame present 
(black) the stability averages down with 1/t1/2, (black line) to 100 nm. 
The range stability deteriorates in the presence of a methane flame 
(pink) and even more so for an acetylene flame (green). While ranging 
through the flame, an overall slope was removed from the range 
measurements before calculating the modified Allan deviation. 

ranging light to alternately pass through cold air and hot flame, hence 
changing the optical path length due to refractive index change. This 
range excursion is consistent with the 5 m step observed when the 
flame is first lit (see Figure 7b)). This distinct 10 Hz oscillation is also 
apparent in the range signal amplitude measurements, with excursions 
between 2 dB and 4 dB. 

Figure 8b) depicts the ranging stability under the same range of 
conditions. In the absence of a flame the ranging precision averages 

down as 1/√averagingtime, until it reaches 100 nm at 1 second and 

is ultimately limited by the knowledge of the refractive index, 
comparable to other similar FMCW systems [15]. At time intervals 
longer than 1 s, the precision deteriorates due to slow drifts. When 
ranging through a flame, the 10 Hz flame flickering causes a worsening 
of the precision around 0.03 s averaging time. In all cases, a ranging 
stability (drift) of 5 m or better is achievable for 100-second-long 
measurements. This is sufficient for a framerate to capture deforming 
structural objects. The range precision is 350 nm at 1 second averaging 
for the methane flame and 860 nm for acetylene. Even when ranging 
through the tip of the methane flame, where turbulence intensity is 



largest [11], an averaged range precision of 700 nm is achieved at 4 
seconds (not shown). 

D. Impact of methane and acetylene flames on FMCW LADAR: 
summary 

Table 1 summarizes the FMCW LADAR ranging precisions and signal 
loss (mostly dominated by soot in the flame) for a scanning system with 
at least 50 % oversampling to avoid moving speckle noise [15]. The 
standard deviation is obtained across 430 range measurements from a 
cross-section in the flat section of the step-block above the NIST logo, 
after a small slant in the x/y plane was removed.  

The actual surface roughness and flatness of the aluminum block 
contributes to the stated precision and increases the measured 
precision in the absence of flames to 20 μm for a scanning FSM 
compared to the 2-3 m precision measured for a fixed position FSM.  
When ranging through the methane flame, the combined precision 
remains dominated by this surface shape and still equals 20 μm. For an 
acetylene flame, the effects of beam deflection becomes noticeable and 
the precision deteriorates to 31 μm. Subtracting the no-flame precision 
in quadrature gives an additional acetylene flame induced uncertainty 
of 24 μm. 

 
Table 1: Ranging precision from cross-sections taken from xyz 3D 
point clouds of the step-block, while ranging through methane or 

acetylene flames. 
Measurement 3D-cross-section 

precision 
Additional masked 
points due to flame 

(<30 dB SNR) 
No flame 20 μm 0 % 

Methane 20 μm  < 1 % 

Acetylene 31 μm  1 % to 1.4 % 

 
The increased ranging noise while mapping a surface through an 

acetylene flame compared to a methane flame is explained as follows. 
The adiabatic temperature of an acetylene flame is approximately 
500 C hotter than that of a methane flame [23], leading to a higher 
refractive index change and thus larger beam deflections. Additionally, 
acetylene has an atomic hydrogen to carbon (H/C) ratio of 0.08 
compared to 0.34 for methane, resulting in a sootier flame [24]. Both the 
larger beam-deflection angle in conjunction with a small tilt of the target 
relative to the measurement beam as well as signal attenuation and 
scattering due to increased soot (see also ranging traces in Figure 7 and 
Figure 8) lead to poorer range precision. The increased soot in the 
acetylene flame also explains the slight decrease in ranging signal 
(between 1 % and 1.4 % of measurements are below 30dB, compared 
to less than 1 % when mapping through a methane flame).  

In conclusion, we find that the effect of a clean-burning methane 
flame on FMCW LADAR is barely noticeable at the investigated flame 
size. Even for the sootier acetylene flame, the amount of invalid range 
measurements only increases to ~2 % and the achievable range 
precision is still 30 m.  

6. Scale-up experiments with wider burner 
So far, all measurements were taken with the ranging beam traveling 
through a ~50-mm thick flame. To investigate beam deflection caused 
by thicker flames, we setup three 0.3 m thick natural gas burners (fuel > 
90 % methane). Instead of the infrared FMCW laser, 405 nm blue laser 
light traverses the flames and is imaged using a camera placed 1 m 
behind Burner 1, see configuration in Figure 9a). As before, the x/y 
beam deflection is extracted from camera images. 

 

Figure 9: a) Photo of setup to measure beam-deflection through thick 
flames. b) Extracted beam center pixel x-position (the y-position 
behaves very similarly and is not shown). The first 0.3 m burner is 
ignited at 12 s. At 103 s and 165 s, the second burner and third burner 
are ignited, increasing the flame width first to 0.6 m and finally to 0.9 m.  
c) Blue trace: distribution of beam x-position for beam deflection 
measurements between 12 s and 170 s. The distribution is calculated 
after removing a low-order polynomial baseline from the data in b). 
Black: Gaussian fit. For comparison, the beam deflection distribution of 
the FMWC laser light traversing a ~50-mm methane flame is shown in 
pink. 

When the burner closest to the laser source is ignited, the beam 
deviation at the camera has a standard deviation of 350 μm and a 
maximum deviation of ±2 mm, corresponding to a ±2 mrad beam 
deflection angle. Igniting the other two burners, hence tripling the flame 
width, doesn’t significantly increase the beam deviation. Thicker flames, 
however, do increase beam attenuation due to soot, which along with 
the brighter background radiation of the flames themselves makes it 
harder to extract the beam position on the camera. Indeed, it was 
observed previously that the maximum beam deflection angle through 
a flame can be invariant with flame size [19] and that the beam deviation 
increases proportionally to the distance between the first flame front 
encountered by the laser and the target. This angular deflection is only 
a factor of three greater than that encountered with the smaller flame 
and would yield a single measurement range precision of 35 m for the 
same target.  Further, we found no significant offset in the beam 
deviation, indicating that also for thick flames, the precision could 
improve through temporal averaging [11].   

7. Edge tracking 
To track the movement of well-defined features, it is often not necessary 
to capture a complete 3D image.  Figure 10 shows an example of a single 
L-scan pattern (green), capable of tracking the position of an edge (the 
100 μm high vertical step of the aluminum step-block). We choose a 
> 50 % beam overlap to reduce moving speckle noise. The step-block is 
translated along the x-axis with a constant nominal velocity of 
0.5 mm/s, which was selected to match critical element deformation 
speeds in structural fire tests. From the known scanning pattern, we 
assign a time and location to the 100 μm step for each crossing, as shown 
in Figure 10b). A linear fit to the extracted step x-location over time 
yields a slope of 0.517 0.004 mm/s , close to the nominal speed of 
0.5 mm/s.  



 

Figure 10: Tracking a moving object. a) The block is placed on a lateral 
translation stage moving at constant velocity. The tracked step is circled 
in red and the scanning pattern is sketched in green. b) Extracted x-
location of the step as a function of measurement time. Also shown are 
a linear fit and residuals. 

The above edge tracking is shown for possible lateral motion in the 
x/y plane. If the object also moves/deforms fast in the z-direction, the 
FMCW LADAR range would be affected by Doppler shifts. For FMCW 
systems this Doppler effect is removed by averaged measurements 
taken at alternating positive and negative chirps.  

8. Conclusions and outlook   
The influence of flames on dimensional measurements of moving 

and deforming objects in structural fire research was investigated, 
specifically regarding the use of coherent laser ranging in the form of 
frequency modulated continuous wave laser detection and ranging 
(FMCW LADAR). We show that FMWC LADAR can capture deforming 
shapes through flames. The heterodyne gain enables measurements at 
low return signals and masks out most of the flame’s background 
radiation, while the fast update rate makes the system somewhat 
immune against signal distortion induced by turbulent thermal 
gradients of diffusion flames. We show that the increase in ranging 
uncertainty for diffusely scattering surface through fire is primarily 
caused by flame-induced beam deflections. Preliminary studies show 
that the first layer of flame traversed by the ranging beam dominates the 
angular beam deflection, which should enable the application of FMCW 
LADAR to larger scale fires and objects.  
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