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Abstract.  An AlGaAs laser (907 nm, 0.2 mJ) with a 3-ns pulse 
duration and eye-safe energy density below 1 mJ cm–2 is developed 
for lidar application. The laser is composed of three stacked diodes 
in a plastic housing. An external pump current generator based on 
discrete elements with an FMMT417 bipolar transistor switch is 
assembled on a printed circuit board together with the laser. A lidar 
based on this laser and a single photon avalanche diode (SPAD) as 
a detector is used to monitor aerosols with a resolution of 10 cm 
inside the tunnel of the Baksan Neutrino Observatory near the 
Elbrus volcano. An abrupt three-fold increase in aerosol emanation 
of yet unknown nature is recorded for the first time. The absence of 
the Earth’s crust disturbance traces in the signal of a laser interfer-
ometer with a resolution of 1.6 ´ 10–11 m testifies to a high sensitiv-
ity of the lidar for monitoring geodynamic processes.

Keywords: diode laser, lidar, magmatic gases, Earth’s crust defor-
mation, monitoring of geophysical processes.

1. Introduction

It is known [1 – 5] that a decrease in the laser pulse duration is 
a necessary condition for increasing the resolution of lidars. 
At the same time, the main restriction of using pulsed lidars 
for ecosystem monitoring is that visible laser radiation with 
energy densities exceeding 1 mJ cm–2 is dangerous for human 
eyes [6].

In this connection, we proposed for the first time, to our 
knowledge, to design a lidar system using a diode laser and a 
detector based on a single-photon avalanche photodiode 
(SPAD) [8]. Gating of the detector by a short pulse made it 
possible to efficiently (by several orders of magnitude) sup-
press the background noise. Taking these features into 
account, we proposed a new, purely statistical principle of 
lidar sensing by microjoule (eye-safe) diode laser pulses [7, 
9 – 12], when the probability of detecting probe pulse photons 
scattered along the track is less than unity [9]. It is known that 
diode lasers are characterised by high efficiency and compact-

ness, but a decrease in the pulse duration from 120 ns [7] to 
several nanoseconds [13 – 17] remains an actual problem [1 – 5] 
for, e.g., increasing the range resolution of lidars.

Our first lidar system was assembled [7] on the basis of 
an LPI-102 AlGaAs diode laser (OAO Voskhod) (t = 
120  ns, pulse energy ~0.5 mJ, wavelength 880 nm, pulse 
repetition rate 2.5 kHz) and a SPAD [8] with a low ava-
lanche breakdown voltage (27  V). Despite the low, eye-
safe energy density (below 1 mJ cm–2), this lidar can sense 
clouds and plumes at a distance of thousands of meters 
with a step of 5 m [10]. For example, multi-layered clouds 
near the Elbrus volcano summit were detected at a distance 
exceeding 4000 m [11]. The high efficiency and noise immu-
nity of the lidar, its small weight, and ability to operate at 
a temperature of 100 °C allowed us to win the NASA 
international competition [13] for participation in the 
NASA mission ‘Mars Polar Lander-99’ [14].

Recently, we have detected (for the first time) the Earth’s 
crust deformation by measuring the variation in aerosol 
concentration inside a short (17 m) laser strainmeter tunnel 
[15]. Symbatic changes in the lidar signal and the length of 
the measuring shoulder of the Michelson interferometer 
showed that the lidar is a new instrument for monitoring 
geodynamic processes. However, the large pulse duration of 
the LPI-102 laser (120 ns) and the large spatial discretisation 
step (5 m) did not allow us to detect local aerosol emana-
tions and to measure the profile of their distribution along 
the short tunnel.

The aim of the present work was to reduce the diode laser 
pulse duration to increase the lidar resolution. 

The possibility of generating nanosecond pulses by laser 
diodes was demonstrated in works [16 – 20]. It was shown 
that, to decrease the laser pulse duration, it is necessary to 
increase the discharge current commutation rate and decrease 
the losses, capacitance, and inductance of the pulsed power 
supply circuit of the laser. For this purpose, the authors of 
[15, 17] developed a technology of integrating the layers and 
elements of the capacitive discharge circuit in the thyristor 
heterostructure. However, the possibility of decreasing the 
pulse duration of a diode laser with a current generator based 
on commercially produced discrete elements remained 
unclear.

2. Experiment and measurement results

As a source of short pulses, we chose an SPL PL90_3 laser 
(OSRAM) composed of three stacked AlGaAs diodes in a 
plastic housing without an integrated current generator. This 
laser was chosen because summing of the energies of three 
diodes ensures: (1) simultaneous pumping of all three diodes 
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without current branching as in the LPI-102 laser [7]; (2) min-
imum capacitance; (3) minimum size of the emitting region 
(200 ´  10 mm), which is important for decreasing the beam 
divergence (3 ´ 0.15 mrad) at the given focal length (70 mm) 
and aperture (15 ́  40 mm) of the lidar lens; and (4) a common 
power supply for the laser and the single-photon avalanche 
photodiode due to the use of an external discharge current 
generator. Note that LPI-102 lasers with integrated genera-
tors [7] require two separate power supply units, which com-
plicates the scheme and increases the overall dimensions and 
weight of the lidar.

For laser pumping, we developed a repetitively pulsed 
generator of short current pulses (2 – 20 ns), the end part of 
which with a laser diode LD is shown in Fig. 1a. To decrease 
the current pulse duration, we used a fast FMMT417 bipo-
lar transistor T with a working voltage of up to 300 V to 
switch the storage capacitor C1 (82 pF). The transistor oper-
ates in the avalanche regime; starting pulses from the cur-
rent generator are applied to the transistor base with the 
required pulse repetition rate of the lidar (in our case, 
10 kHz). After switching off the transistor T, the capacitor 
C1 is charged through resistors R1 and R2. The high voltage 
+HV is selected in the process of generator adjustment for 
each capacitance of the capacitor C1. The decrease in the 
laser pulse duration to 4 ns (see the oscillogram in Fig. 1b) is 
achieved by increasing the voltage +HV and decreasing the 
C1 capacitance.

The physical processes and the operation algorithm of the 
lidar with the SPAD operating in the Geiger regime are anal-
ysed in detail in [9]. Note that the progress in the development 
of specialised time-to-digital converter microchips allowed us 
to decrease the track discretisation step almost by two orders 
of magnitude, i.e., from 5 [7, 9 – 12] to 0.1 m, by using an 
ACAM TDC-GP1 series microchips. As will be shown below, 
this discretisation step increases the spatial resolution and 
allows measurement of the envelope of optical pulses with a 
duration exceeding 1 ns.

After assembling and adjusting the lidar with a single-
photon avalanche photodiode, we performed test measure-
ments in a corridor of the building of the General Physics 
Institute. Figure 1c shows the lidar signal in the case of mea-
suring the distance to a flat wall at the end of the sensing track 
with a discretisation step of 10 cm and 50000 triggering laser 
pulses. One can see that the shape of lidar signal envelope 

with a short front and a prolonged trailing edge is asymmet-
ric, as well as the pulse shape on the oscillogram (Fig. 1b). 
This shape of pulses is characteristic for diode lasers pumped 
by a capacitor discharge current [16 – 19]. Note that the laser 
pulse duration (~2.7 ns) at half maximum of the histogram of 
lidar photocounts from a flat wall (Fig. 1c) is smaller than 
that of the oscilloscope pulse (Fig. 1b). The increase in the 
pulse duration on the oscillogram to 4 ns is caused by the 
relatively narrow bandwidth of the used Aktakom ADS-2332 
oscilloscope (300 MHz). At a voltage of 300 V and a C1 
capacitance of 82 pF, the laser pulse energy was 0.2 mJ. The 
width of the laser spectrum was 7 nm, the power/temperature 
coefficient was 0.4 % °C–1, and the wavelength/temperature 
coefficient was 0.28 nm °C–1. 

One can see from Fig. 1c that the lidar can act as an oscil-
loscope with a bandwidth of several GHz and digitise nano-
second optical pulses. It is clear that the use of other time-to-
digital converters that provide a discretisation step of 5 – 10 
mm, makes it possible to use the lidar for measuring the enve-
lope of optical pulses instead of an oscilloscope with a band-
width of tens of gigahertz.

Note that approximation of the histogram with a half-
width of ~80 cm (Fig. 1c) by Gaussian or Voigt curves yields 
almost identical positions and spreads of the pulse centroid, 
namely, 31.382 ± 0.007 and 31.377 ±  0.007 m, respectively. 
This pulse approximation makes it possible, without opera-
tor assistance, to increase the accuracy of measurement of 
the distance to a flat target by a lidar rangefinder to  ± 0.7 
cm, i.e., by about an order of magnitude with respect to the 
discretisation step (10 cm) and by two orders of magnitude 
with respect to the pulse half-width (80  cm).

A photograph of the lidar is given in Fig. 2b; the lidar 
includes a transmitter/receiver module (weight 240 g) and a 
control unit (weight 300 g). The lidar was installed in a hot tun-
nel (Fig. 2b) with a blank wall (43°14' 57.7'' N, 42°43'19.5'' E) 
above the Elbrus volcano magmatic chamber at a distance 
of 4000 m from the entrance to the Baksan Neutrino 
Observatory (BNO) tunnel for sensing variations in volcanic 
aerosol emanation.

The measurements were carried out each 30 min with 
data acquisition for 100 000 lidar pulses. Figure 3 shows 
typical histograms of a backscattered signal profile without 
correction for the squared distance from the lidar. The 
dashed lines confine the regions of summing of photocounts 

+HV

R1

R2 C1

C2

D1 LD

T

80 cm (2.7 ns)

0

500

1000

1500

2000

L
id

ar
 s

ig
n

al
 (

n
u

m
b

er
 

o
f 

p
h

o
to

co
u

n
ts

)

33 34 35 36 37 38
Distance/m

a b c

Figure 1.  (a) Electric scheme of the end part of the current pulse generator assembled from commercially available discrete elements, (b) laser pulse 
oscillogram (duration less than 4 ns) on the screen of an Aktakom ADS-2332 oscilloscope with a bandwidth of 300 MHz, and (c) laser pulse in the 
form of a histogram of lidar photocounts upon sensing a flat wall (resolution 10 cm).
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of scattered signals, namely, region 1 corresponds to scatter-
ing on aerosols in the tunnel [28.10.2019, curve ( 1 ) and 
29.10.2019, curve ( 2 )]; region 2 corresponds to scattering 
from the blank wall of the tunnel, which reflects variations 
in the track transmission for the roundtrip (to the wall and 
back); and region 3 corresponds to the detector noise. One 
can see that a decrease in the laser pulse duration and an 
increase in the resolution from 5 m to 10 cm make it possible 
to detect the modulation of the aerosol scattering profile 
(region 1).

Figure 4a presents the evolution of aerosol emanation in 
the BNO tunnel from 1 October to 25 December of 2019 
[curve ( 1 )], the change in the sensing track transmission 
[curve ( 3 )], and the data of the laser strainmeter [20] [curve 

( 2 )]. All measurements were referenced to Coordinated 
Universal Time (UTC).

Figure 4 clearly shows that the dominant feature is the 
sharp three-fold increase in the lidar signal. i.e., a ‘jump’ in 
the aerosol emanation curve observed for the first time on 
28 October 2019. Then, the aerosol scattering signal begins to 
decrease similarly to the strainmeter signal due to the sea-
sonal compression of hard-rock cracks. Note that the sea-
sonal decrease in the lidar signal (i.e., in aerosol emanation) 
occurs with the same slope as we measured before the jump.

A rather important factor is that, despite the relatively 
high resolution (~1.6 ´ 10–11 m) [20], the laser strainmeter –
interferometer with a measuring shoulder 75-m long did not 
detect noticeable distortions in the interferogram at the 
instant of jump (see Fig. 4c).
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Figure 2.  (a) Photograph of the lidar: ( 1 ) transmitter/receiver module 
with dimensions of 50 ´ 60 ´ 95 mm and a weight of 240 g and ( 2 ) con-
trol unit with a weight of 300 g and (b) scheme of lidar sensing of mag-
matic aerosols in a hot dead-end tunnel of BNO (longitudinal cross sec-
tion).
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Figure 3.  (Colour online)   Backscattering profile (number of photo-
counts) along a tunnel with a discretisation step of 10 cm ( 1 ) on 28 
October 2019, 21:6 UTC and ( 2 ) 4h after. The dashed lines confine the 
regions of photocount summation for determining the lidar signals. The 
inset shows the noise region on a larger scale for better visualisation. 
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Figure 4.  ( 1 ) Signals of lidar sensing of magmatic aerosol and ( 2 ) sea-
sonal Earth’s crust compression (deformation) determined by a laser 
strainmeter in the BNO tunnel, as well as ( 3 ) sensing track transmission 
per double pass for (a) 1.10.2019 – 1.12.2019, (b) 27.10.2019 – 30.10.2019, 
and (c) 22:30 28.10.2019 – 02:30 29.10.2019 (the size of squares corre-
sponds to the spread of the lidar data; the dashed rectangle indicates the 
irreversible jump in the aerosol emanation).
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3. Conclusions

Thus, we developed a compact, having no domestic ana-
logues, aerosol lidar based on a short-pulse (3-ns) semicon-
ductor laser with an external current pulse generator assem-
bled from commercially available discrete elements. The laser 
pulse energy (0.2 mJ at a wavelength of 907 nm) meets the eye 
safety requirements [6]. The short pulse provides a decimetre 
resolution of the aerosol lidar and the ability of measuring a 
30-m distance with an error of ±7 mm (0.02 %). This accuracy 
is needed to measure the approach and berthing velocities (cm 
s–1) of large-tonnage space stations. Of particular interest is 
control of soft landing on planets, as well as of landing of re-
entry vehicles. The uniquely small weight (540 g) of the lidar 
allows its positioning on a quadcopter for surface topography 
and for measuring the height of trees to estimate the ecosys-
tem biomass without specific requirements for eye protection.

Using this lidar, we detected (for the first time to our 
knowledge) a sharp three-fold increase in aerosol emanation 
with magmatic gases above the Elbrus volcano magmatic 
chamber in the BNO tunnel (28 October 2019, 23:00 UTC). It 
is important that the gas pressure drop and the aerosol ema-
nation jump were not reflected on the signal of a laser strain-
meter with a resolution of 1.6 ´ 10–11 m, which detected the 
Earth’s crust deformation by tidal waves. This means that the 
lidar based on a short-pulse (3-ns) diode laser is a new highly 
sensitive detector of geodynamic processes in the family of 
traditional instruments [20]. However, the nature of the aero-
sol jump and the gas pressure drop trigger are not yet deter-
mined and require a separate investigation.
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