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ABSTRACT

The paper discusses the possibility of remote de‑
tection of a continuous laser beam propagating in a 
scattering continental and coastal atmosphere, when 
it is recorded outside the axial zone. In the single 
scattering approximation, estimates of the radiance 
at the registration site are carried out, which are 
compared with the threshold characteristics of ex‑
isting photodetectors in the visible and IR spectral 
regions. It is shown that the laser radiation (LR) of 
the beam is reliably recorded in the range of angles 
(0–180)° at metrological range of visibility equal 
(5–20) km at night conditions. At twilight, under 
the same conditions, detection capabilities are sig‑
nificantly reduced.

A significant increase of the LR beam radiance 
contrast with a decrease in its divergence has been 
shown experimentally in the field observations.

At twilight, a decrease in the beam’s radiance 
contrast is seen. A beam with a divergence equal 
to 2¢ ceases to be distinguishable at angles equal 
to (80–90)°, and a beam with a divergence of 4¢ –  at 
angles (60–70)°.In this case, the contrast difference 
reaches up to 10 times.

Keywords: aerosol scattering, indicatrices, con‑
trast transfer, laser beam, photometer, continental 
and coastal atmosphere

INTRODUCTION

Many of applications in the fields of sensing, 
communication, and monitoring are performed by 
active and passive optical locator stations (OLS). 
They use powerful sources of laser radiation (LR) 
with propagation distance of several kilometres in 
the most dynamic part of the atmosphere: surface 
air. It is desirable to know the location and direc‑
tion of a LR beam. In [1–5], it is shown that LR is 
detectable due to scattering by aerosols and a beam 
may be displayed by photodetectors (PD). It fol‑
lows from these works that intensity of LR scatter‑
ing is corresponds to the prediction based on Mie 
scattering [6–9] for coastal and continental aerosols. 
It is known that concentration of aerosol varies sig‑
nificantly depending on regional and local weather 
conditions [10–13]. For example, increased mois‑
ture increases concentration of aerosols and, typi‑
cally, scattering of LR [14–18]. In typical conditions 
(mist, thin fog, etc.), even at low altitude, scatter‑
ing is slight and hardly detectable if there is a back‑
ground. This poses special requirements, on the one 
hand, on the PD characteristics: sensitivity, response 
time, and spectral responsivity range, and, on the 
other hand, on information about the optical proper‑
ties of the atmosphere and mostly the aerosol as the 
main component affecting the attenuation and scat‑
tering of LR in atmospheric transparency windows 
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[19, 20]. Despite the fact that there are different 
methods of predicting signal variations at entrance 
pupils of OLS, it is necessary to further enhance the 
existing methods and approaches and to develop 
new methods of remote detection of LR in real op‑
erating conditions. This is due to both the develop‑
ment of LR sources and PD’s [21–23] and enhance‑
ment of aerosol models of surface air [24–27].

The main goals of this work are the study of 
off‑axis detection of LR and measurement of 
LR radiance contrast, including during field 
measurements.

The goal of the work is to study patterns of aero‑
sol scattering when estimating capabilities of off-ax‑
is detection of LR in continental and near‑coast 
conditions in case of changes of beam parameters, 
meteorological visibility (MV), time of the day, and 
distances to LR source.

The work included theoretical evaluations of 
one-time scattered radiation based on the MaexPro 
aerosol model [28, 29], where sea salt consists of 
water droplets and salt particles, and aerosol of con‑
tinental haze with particles radii (0.01-100) μm as 
the most optically active in wavelength band ORS 
of (0.2-12) μm. For the following basic conditions 
of numerical calculations: height above sea lev‑
el H = (0-25) m; wind speed U = (3-18) m/s; wind 
speed U = (3-18) m/s; The rest of the conditions are 
given in the text at the place of mention. In the cal‑
culations, we used computer programs [30–33], as 
well as a program for experimental estimates of the 
intensity contrast of LR in field conditions [34].

1. RESULTS OF CALCULATIONS

Radiance of scattered LR in surface air is select‑
ed as the main magnitude allowing to specifically 
evaluate capabilities of off-axis detection of a la‑
ser beam. Contemporary photometers (spectrora‑

diometers) allow to confidently detect superweak 
signals within the spectral range of (0.35–1.1) µm 
by means of non-cooled silicon photodiode detec‑
tors and photomultipliers within the spectral range 
of (0.35–0.93) µm with responsivity thresholds at 
level of 3 (depreciation factor is 6) (310–10) W/
nm and (310–14) W/nm, respectively. These spect‑
roradiometers manufactured by instrument systems 
[35] have threshold responsivity of (10–6 –10–7) lx 
within the spectral range of (0.2–5) µm, which al‑
lows to register the background of moonless star‑
ry sky at (310–4) lx or, for example, light of Siri‑
us at 10–5 lx. For cooled photomultipliers operating 
within spectral range of (0.35–0.93) µm with GaAs 
photocathode, noise equivalent power equals to 
10–13 W/(cm2⋅sr⋅nm) and luminance responsivity is 
of approximately 10–3 cd/m2.

The work considers the model of off-axis scat‑
tering of LR for optimizing the detector characteris‑
tics and predicting the luminous efficacy of its oper‑
ation in coastal areas when moving the optical axis 
of a PD perpendicular to and along the beam axis 
along a horizontal path in night and twilight condi‑
tions with different VS.

The diagram of the numerical experiment for the 
two-dimensional case to determine the distance of 
off-axis detection of continuous LR passing through 
a scattering environment is shown in Fig. 1. The 
Gaussian LR beam with wavelength of , initial 
power of P0, and divergence of  at the level of 0.5 
is directed in parallel to the earth’s surface in direc‑
tion φ relative to the PD. PD is located at distance D 
from the source of LR with angle of view . Scat‑
tered LR is seen at angle of .

The distances D and d2 at which the condition 
/ 1tL L ≥  where Lt is the threshold radiance for a 

specific PD is met, for LR scattered towards the 
radiance PD L, are taken as distance of off-axis 
detection.

Fig. 1. Diagram 
of scattered laser 
radiation detection
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L was calculated for one-time scattering, which 
is reasonable for small optical thicknesses when 
solving atmospheric problems [17]. Molecular scat‑
tering was assumed to be low.

L at the cross-section with the PD field of view 
axis was calculated as

33
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where () is spectral coefficient of aerosol scat‑
tering,  is LR wavelength, () is directional aero‑
sol light scattering coefficient,  is scattering angle; 
d2 is distance between PD and the sight point at the 
beam axis, E(r) is irradiance formed by the laser 
beam at the given point, r is beam radius in a plane 
of the sight point.

E(r) was defined using the formula
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where P0 is LR power at entrance of the environ‑
ment, d1 is the distance between the laser and the 
point of sight, rθ = r0 + d1∙tg(θ/2) is the beam radius 
at divergence level  in the plane of the sight point, 

r0 is the beam radius at aperture exit,  is beam di‑
vergence at level of 0.5 rad; 2 tg( / 2)R d ω= ⋅  is the 
distance across the beam limited by the PD field of 
view;  is the vision angle of PD.

Using the eqs. (1) and (2), the values of L were 
calculated for coastal mist with MV Sm of 5 km 
and 20 km with different geometry of the detec‑
tion scheme (D, ) and scattering angles  in range 
(0–180). The obtained values were compared with 
threshold radiance responsivity of the selected PD’s 
(for evaluation of the distance of off-axis detection). 
The following values of LR beam parameters were 
taken as P0 = 1 W,  = 0.52 µm and 1.06 µm,  = 3¢, 
and r0 = 2 mm. The factors () and () were cal‑
culated using the data of the MaexPro model [28, 
29]. For example, at  = 0.52 µm and Sm = 5 km 
and 20 km,  = 0.83 km‑1 and 0.75 km‑1, respective‑
ly, and at  = 1.06 µm, it equals to 0.21 km‑1 and 
0.11 km‑1, respectively. Some values of the factors 
() (at  = 1, 3, 5, 45, 90 and 135) are given 
in Table 1.

The threshold responsivity of PD was selected 
using the data of [35] with consideration of trans‑
formation of energy quantities into luminous quan‑
tities using spectral luminous efficacy V(λ) at  =  
= 0.52 µm. The values of Lt at  = 0.52 µm for night 
and twilight conditions were equal to 10–7 W/(m2·sr) 

Fig. 2. Change of 
radiance of a laser 
beam L by  = 0.52 
µm at P0 = 1 W and 
 = 3ʹ depending on 
scattering angle  in 
the course of scanning 
of PD field-of-view 
axis along the beam 
axis with different 
distances D from the 
emitter with Sm = 5 km 
(a) and Sm = 20 km (b)

Fig. 3. Change of 
radiance of a laser 
beam L by  = 1.06 
µm at P0 = 1 W and 
 = 3ʹ depending on 
scattering angle  in 
the course of scanning 
of PD field-of-view 
axis along the beam 
axis with different 
distances D from the 
emitter with Sm = 5 km 
(a) and Sm = 20 km (b)
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and 10–4 W/(m2·sr), respectively, and at  = 
= 1.06 µm, they were equal to 10–9 W/(m2·sr) and 
10–6 W/(m2·sr), respectively. The angle  in this 
case was equal to 20°.

As an example, the Figs. 2 and 3 show the results 
of calculation of L depending on  in the visible ( = 
0.52 µm) at visual registration and the near-IR ( = 
1.06 µm) regions of the spectre when scanning the 
PD axis along the axis of the beam at Sm = 5 km and 
20 km and different values of D.

The calculation results show that the possibil‑
ities of detecting scattered LR in the visible range 
with visual registration at Sm=20 km (Fig. 2b) are 
higher than at Sm=5 km (Fig. 2a) for all scatterin‑
gangles angles.This is explained by the greater at‑
tenuation due to scattering at lower Sm on particles 
of atmospheric haze (Mie particles). The thresh‑
old brightness levels in Fig. 2 are indicated by lines 
1 and 2 for twilight and night conditions, respec‑
tively. In the near‑IR range during PD registration 
with a decrease in the background level by two or‑
ders of magnitude to the values   indicated in Fig. 3 
by lines 1 and 2, the possibilities of detecting scat‑
tered LR beams are much higher. The figures show 
that at night conditions, at Sm = 5 m, the LR beam 
will be detected at distance D = 10 km at  = 45. At 
 = (110–120) (minimal values of L), the distance 
of detection D at Sm = 5 km reduces to 5 km, and at 

Sm = 20 km, the LR beam is confidently detected at 
D exceeding 10 km. In the twilight, at the same val‑
ues of , capabilities of detection reduce significant‑
ly down to D = 1 km for both 5 km and 20 km.

2. RESULTS OF FIELD 
MEASUREMENTS

In 2015–2018, to confirm the results of the cal‑
culations, the field measurements were conducted 
in night and twilight conditions at the test area of 
the V.E. Zuev Atmospheric Optics Institute of the 
Siberian Branch of the Russian Academy of Sci‑
ences. During the measurements, the background 
luminance was 10–2 cd/m2 (night) and 0.5 cd/m2 
(twilight), respectively. During the measurements, 
the sky was cloudy, and the Moon was below 
the horizon. MV varied within the range of (12– 
15) km.

2.1. Scheme of the Experimental Installation

The emitter model (Fig. 4) contained a semicon‑
ductor laser DTL-313 (λ = 0.527 µm, P0 = 117 mW, 
 = 1 mrad, d0 = 2 mm) and the telescopic beam 
collimation system for adjustment of . To mea‑
sure L, LS-110 PD by Konica Minolta was used (the 
range of luminance measurements of (0.01–999, 

Fig. 4. Diagram of the experimental installation for measurement of luminance of scattered laser radiation

Table 1. The Values (Selected) of the Coefficients χ(γ) Taken for Calculation

Sm, km λ LR, µm
χ(γ), km–1·sr–1

γ = 1 γ = 3 γ = 5 γ = 45 γ = 90 γ = 135

5
0.52 20 3.7 1.2 0.032 0.0038 0.0029
1.06 8.1 6.2 3.8 0.087 0.0098 0.0092

20
0.52 6.7 4.5 3.0 0.13 0.026 0.025
1.06 3.5 3.3 3.0 0.22 0.027 0.017
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900) cd/m2,  = 1/3°) with a Canon EOS6D cam‑
era (resolution of 20 Mpx (megapixels), EF (24–
105) mm lens, f/4L). The equipment was installed 
on a rotating platform to move along the azimuth 
and angle of altitude. The measurement data was 
registered by a PC and processed by means of the 
developed software [36, 37].

The measurements were conducted following 
the scheme shown in Fig. 1. The directional light 
scattering coefficient  was registered in the range 
of angles of  = (0.5–179.5)° with a step of 5° at the 
set values of D and . Due to structural features, 
the PD did not reach the border values of  at 0.5°. 
The beam passed at altitude of about 2 m above the 
earth surface. Before commencement of measure‑
ment, a standard pegging-out of the area was con‑
ducted to define the parameters of the LR path and 

to define the places of PD installation so that their 
optical axes were in one plane and crossed each 
other.

The structure of laser beams used for measure‑
ments is shown in Fig. 5.

Recently, LR beams with circular structure of in‑
tensity distribution, which may be well approximat‑
ed cross-sectionally by the Gaussian function are of 
interest. Fig. 5 shows that the external ring of both 
types of beams has the highest radiance, which re‑
duced to the centre of the beam according to the law 
close to the Gaussian distribution. The main pow‑
er of the beam is concentrated in the first two rings. 
In Fig. 5, white colour depicts maximum intensi‑
ty and black colour depicts zero intensity. Here, 
cross-sectional distribution of intensity is presented 
as concentric 4 rings and 12 rings with  = 2¢ и 4ʹ, 
respectively.

An example of an image of beams shot from one 
side is shown in Fig. 6. The geometry of the de‑
tection scheme was as follows: D =150 m,  =2°,  
 = 45°.

2.2. Results of Measurement of LR Beam 
Luminance Contrast

The measured luminance of LR beams in direc‑
tion perpendicular to their axis is shown in Fig. 7 at 
two values of angular detection directions  = 45° 
and 90°. In the shot of the LR beams (Fig. 6), the 
detector axis was located near the centre of the im‑
age along the axis of a respective beam.

Fig. 5. Cross-sectional distribution of luminance of laser 
radiation beams in the form of 4 and 12 concentric rings  

(photos 1 and 3 respectively) and the results of photometry 
of the same beams (2 and 4)

Fig. 7. Change of 
luminance of the laser 
radiation beams (λ = 
0.527 µm, P0 = 117 
mW) with divergence 
of  = 2¢ and 4¢ 
when displacing the 
field-of-view axis 
of the photometer 
perpendicular 
to the beam axis at 
acceptance angles  = 
45° (a) and 90° (b)

Fig. 6. The image of laser radiation 
beams (λ = 0.527 µm, P0 = 117 mW), 
side view, on a near-surface path, with 
beam divergence  = 2¢ (a) and 4¢ (b)
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The capability of guidance along the LR beam 
was evaluated by the value of luminance contrast k 
defined using the expression

0( ) / ,b bk L L L= −  (3)

where L0 is luminance of the scattered LR beam; Lb 
is background luminance. At k1, the observed LR 
beam is extremely contrast, and the case of k → 0 
corresponds to complete scattering of the LR beam. 
For definition of k of the LR beam, the value of the 
beam luminance L0 was selected on the level of 
0,5·Lmax depicted by horizontal lines 1 (at  = 2¢) 
and 2 (at  = 4¢) in Fig. 7. At  = 45°, the values of k 
calculated using (3) were equal to 0.51 and 0.33 for 
LR beams with  = 2¢ и 4¢, respectively. At  = 90°, 
k = 0.33 for the LR beam with  = 2¢ and k = 0.12 
for the LR beam with  = 4¢. Therefore, Fig. 7 illus‑
trates a significant reduction of k of the beam with 
increasing .

To evaluate the detection capabilities of the LR 
beam, several series of the beam k were measured 
at different values of  depending on background 
observation conditions. The measured background 
luminance Lb was equal to about 10–2 cd/m2 and 
0.5 cd/m2 for the night and twilight conditions, re‑
spectively. The selected detection scheme was as 
follows: D =1200 м,  =5°,  = (5–135)°.

Changes in k of the LR beams at  = 2¢ и 4¢ are 
shown in Fig. 8. The horizontal line here depicts the 
level of threshold luminance contrast kt, which was 
selected equal to 0.02 as per the recommendations 
[38, 39] for approximate calculations.

3. DISCUSSION OF THE RESULTS

The results show (Fig. 7) that k of LR beams sig‑
nificantly reduces with increase of . This is caused 
by an increase in background radiation due to mul‑
tiple scattering of the beam itself. Moreover, it fol‑
lows from Fig. 8 that k of LR beams at night condi‑
tions is much higher than kt within the entire range 
of angles , which confirms that they are found re‑
liably. The initial sections of the beams up to (15–
20)° are especially contrast and were also perceived 
visually the same in both beams. With increase of 
the angles , the beam with  = 2¢ was seen more 
contrast, and its k was (3–5) times higher than that 
of the beam with  = 4¢.

At twilight conditions, a significant decrease in 
k of both beams was seen. The beam with  = 2¢ 
becomes not detectable at (80–90)°, and the beam 
with  = 4¢ becomes not detectable at (60–70)°. In 
this case, the difference between the values of k be‑
comes 10‑fold.

4. CONCLUSIONS

The results of the calculations and field measure‑
ments show that the values of k of the selected types 
of LR beams strongly depend on  and Sm.

It is demonstrated that LR is reliably detected 
within the range of angles of (0–180)° at (5–20) km 
at night and twilight conditions with background lu‑
minance of 10–2 cd/m2 and 0.5 cd/m2, respectively.

Field experiments have showed that k of the LR 
beam significantly reduces with decrease of its . 
In twilight conditions, significant reduction of k 
of both beams was seen. The beam with  = 2¢ be‑
comes not detectable at (80–90)°, and the beam 
with  = 4¢ becomes not detectable at (60–70)°. In 
this case, the difference between the values of k ul‑
timately becomes 10-fold.
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