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Abstract

The paper presents the results of using Evercam F 1000-16-C high-speed cameras for
high-speed visualization of laser initiation and high-temperature combustion of Al-CuO
thermite mixture. The possibility of determining process parameters based on the results of
high-speed shooting is demonstrated. Two visualization modes are considered: synchronous
operation of two cameras to obtain images from two angles, and synchronous operation of
two cameras as part of a laser monitor with a copper bromide vapor brightness amplifier. In
the case of direct video recording, one of the cameras acts as the master one, and the record-
ing frequency is set in the service program. It is proposed to use a two-angle video recording
mode to study the spread of flame in a volume. For the first time, Evercam F 1000-16-C cam-
eras were used as part of a laser monitor with a copper bromide vapor brightness amplifier.
Laser monitoring, combined with direct video recording, makes it possible to study the sur-
face of a sample in the area of igniting laser interaction and flame propagation in one of the
planes. A feature of the operation of Evercam cameras as part of a laser monitor is the need to
generate trains of clock pulses synchronized with the radiation pulses of the brightness am-
plifier and the radiation pulse of the igniting laser. In this case, both cameras work in slave
mode. The synchronization unit is designed using the STM32F103C8T6 microcontroller
board and has galvanically isolated input and output signals.

Keywords: high-speed visualization, Evercam, synchronization, laser monitor, bright-
ness amplifier, high-temperature combustion.

1. Introduction

Currently, the issues of high-speed visualization of processes are relevant for solving many
research tasks [1-12]. This is due to the possibility of a detailed study of the dynamics of pro-
cesses over time in order to discover new phenomena and effects, determine the patterns of
development and flow of physical and chemical processes. High-speed cameras of both for-
eign and Russian production are often used as image acquisition tools, while the research
methodology and experimental schemes may differ depending on the characteristics of the
environment and the dynamics of the processes.

The most common high-speed cameras for scientific imaging can be highlighted based on
the experience of implementing research projects in various fields [13]. In [1], a Photron Fast-
cam SAj5 high-speed camera (USA) was used to record the gas-dynamic shock-wave flow. In
[2], the splash generation process was recorded by a NAC Memrecam HX-3 high-speed cam-
era (Japan). The course of plasma-chemical processes in [3] was monitored using an indus-
trial camera Baumer VLG-20 (Switzerland) and a high-speed monochrome camera Fastec
Imaging IN250M512 (USA). In work [4], an Evercam 1000-4-C high-speed camera (Russia)
was used to visualize the process of electrode metal transfer. When conducting experimental
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research in the field of military weapons and military equipment [5], high-speed photography
was carried out with an Evercam 4000-8-M camera (Russia). The combustion of high-energy
materials was studied using cameras Fastec Imaging HiScpec1 [14], Vision Research Phantom
v2512 [15], Vision Research Phantom Miro M110 [6, 10], NAC Memrecam HX-6 [13], Photron
Fastcam SA1 [7].

The difficulty of studying the combustion of high-energy materials and high-temperature
processes in general is not only the high speed of the processes, but also the high brightness
of the radiation accompanying the process [12]. To study such materials or processes, equip-
ment is required to reduce the influence of bright background lighting. The main technical
solutions involve the use of systems with active filtration and laser illumination [15]. These
systems require synchronization of frame recording and backlighting. This principle of visual-
ization is implemented in works [14, 15].

In some visualization tasks, it is necessary to synchronize two high-speed cameras [8, 16]
to obtain two sequences of frames in order to increase the information content of the visuali-
zation process. As a rule, the camera manufacturer provides an option for connecting camer-
as in a “master-slave” mode [17, 18]. The master camera generates electric pulses synchro-
nous with the exposure, which are fed to the sync input of the slave camera.

When studying the processes of laser initiation of combustion, synchronization of the laser
pulse with the beginning of recording is required [7, 9, 11].

The most technically difficult options for visualizing combustion processes are systems us-
ing a single- or two-channel laser monitor based on a pulse-periodic brightness amplifier con-
taining two high-speed cameras and a single-pulse laser that initiates combustion [19, 20].
Laser monitor with a copper bromide active medium is a domestic development that makes it
possible to visualize the surface of burning materials through the bright glow created by the
flame. The laser monitor based on an active medium in copper bromide vapor has a high
spectral brightness and a short radiation pulse duration (20-40 ns) [21, 22].

Currently, systems similar to [19, 20] are implemented based on high-speed cameras of the
Phantom and Photron brands. In recent years, Russian-made Evercam cameras have become
an alternative to foreign analogues [23]. Their operation has a number of features compared
to common models; in particular, the synchronization principle is different, which is of fun-
damental importance when working as part of a laser imaging system with pulsed brightness
amplifier. Therefore, the aim of this work is the practical implementation of various synchro-
nization modes of Evercam 1000-4-C cameras and the design of an experimental setup for
studying the process of laser initiation of high-energy materials using these cameras.

2. Experimental technique

2.1 Visualization object

The visualization object was a thermite mixture of Al-CuO prepared from aluminum and
copper oxide nanopowders obtained by electric explosion of a wire [24]. The particle size dis-
tribution was close to normal logarithmic with a maximum of 90 nm for aluminum na-
nopowder and 50 nm for copper oxide nanopowder. To prepare the thermite mixture, two-
stage mixing was used. Nanopowders were poured into a small-volume container with a
weight ratio of aluminum and copper oxide powders of 1:4 with the addition of isopropyl al-
cohol. Initially, mixing was carried out in a “drunk barrel” type mixer (TUBULA S 2.0). For
finer homogenization of the mixture, ultrasonic mixing was used [25]. An ultrasonic disperser
was used with an emitter power of 75 W, a frequency of 22 kHz for 10 minutes. Next, the
powders were placed in a drying oven to evaporate the alcohol.

The samples, made in the form of a rectangular parallelepiped with a size of 20x3x3 mm,
had a weight of 150 mg and were placed on an aluminum substrate with a thickness of 2 mm.
For initiation, a diode laser RLS-6-638/5-SMA-TEC (Russia) with a wavelength of 638 nm
with a fiber optic output was used. The radiation from the initiating laser was directed to the



front surface of the sample, which was placed at the focus of the laser beam. The laser power
in continuous mode could vary in the range from 0.2 to 2 W. Taking into account losses in the
optical fiber and at the focusing system, the radiation power measured at the sample site in
continuous mode could vary from 0.15 to 1.5 W. The diameter of the spot on the object was
0.6 mm, which provided a maximum power density of 5.3 W/mm?2. The laser had an external
modulation input, which made it possible to set the duration of the laser pulse and, accord-
ingly, the energy of the laser impact. At maximum laser power, initiation occurred at a pulse
duration of 50 ms.

2.2 Two-angle direct visualization scheme

Fig. 1a depicts a two-angle visualization scheme based on two Evercam 1000-16-C high-
speed cameras (Russia). The cameras are located at an angle of 900 to each other and record
frontal (camera 1) and lateral (camera 2) images of the object of study in the sample’s own
glow. A Canon Macro Lens EF 100 mm lens is installed on the front camera, and an MC Zen-
itar 1.2/50s lens is installed on the side camera. The front camera has a field of view of 46 mm
in width, the side one — 73 mm. Since the combustion of the Al-CuO thermite mixture is ac-
companied by a bright glow and scattering of combustion products, gray filters of the NS type
are installed in front of the camera lenses to reduce illumination [26]. To prevent damage to
the optical elements, protective quartz glass is installed in front of the gray filters and the ini-
tiating laser lens.

Images were recorded with a speed of 5000 frames/s. The spatial resolution of the matrix
was set to 640x192 pixels. A special feature of the Evercam 1000-16-C is the ability to work
with a full horizontal matrix resolution of 1920 pixels. As the shooting speed increases, the
vertical resolution decreases.

The cameras were synchronized according to the scheme recommended by the manufac-
turer [23], in which camera 1 acted as the master and camera 2 as the slave. The correspond-
ing connection of camera connectors is shown in Fig. 1b. Recording by the master camera be-
gins at the leading edge of the signal at the “EXT REC IN” input and continues until the num-
ber of recorded pulses reaches a preset software value or a value limited by the capacity of the
built-in memory. In this case, the duration of the signal at the “EXT REC IN” input does not
affect the recording, but should not exceed the duration of the entire recording tp=Np/f,
where Nj is the preset number of recorded images, f is the recording speed (frames per sec-
ond). This feature of the camera operation allows the same signal to be supplied to the “EXT
REC IN” input of the camera and to the laser enable input, which generates the duration of
the laser radiation in accordance with the pulse duration of the enable pulse. To generate la-
ser pulses with a duration of up to 400 ms, a single-channel UTG962E was used.
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Fig. 1. Two-angle scheme of direct visualization (a) and connection diagram of high-speed
camera connectors (b). 1 — sample; 2 — substrate; 3 — initiating laser; 4 — fiber optic light
guide; 5 — lens; 6, 10, 14 — protective glass; 7 — front camera (camera 1); 8, 12 — objective
lenses; 9, 13 — gray filters; 11 — side camera (camera 2); 15 — pulse generator.



During recording, the master camera generates “EXT SYNC OUT” pulses with a duration
of 3.2 pus, synchronous with the camera exposure. To synchronize two cameras, pulses from
the “EXT SYNC OUT” output of the master camera are fed to the “EXT SYNC IN” input of the
slave camera (Fig. 1b). The slave camera mode is set in the service program. A feature of the
Evercam 1000-16-S camera in slave mode is insensitivity to the signal at the “EXT REC IN"
input. Image recording is determined only by the presence of sync pulses at the "EXT SYNC
IN” input. At the same time, the slave camera also generates “EXT SYNC OUT” pulses, from
which we can conclude that the cameras are working synchronously. Fig. 2 shows the oscillo-
grams of the synchronization pulses.
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Fig. 2. Oscillograms of synchronization pulses. a — sync pulses “EXT SYNC OUT” of the mas-
ter (1) and “EXT SYNC OUT” slave (2) cameras; b — synchronization pulses “EXT SYNC OUT”
of the master camera (1) and laser radiation resolution pulse/“EXT REC IN” (3).

The delay between the “EXT SYNC OUT” pulses of the cameras is 0.3 ps, the delay relative
to the “EXT REC IN” signal is 60 us. An SDS70102V oscilloscope was used to record the
waveforms. Thus, the beginning of exposure to the initiating laser and the start of shooting of
both cameras occur almost simultaneously. This makes it possible to study the process of la-
ser initiation, starting from the first moments of the heating action of the laser.

2.3 Laser monitor

Fig. 3 depicts a scheme of a laser monitor with two Evercam 1000-16-C cameras. The de-
sign of the optical part of a laser monitor is similar to that used in [19]. The image is formed
by a 10 cm diameter lens 18 with a focal length of 50 cm. The diameter of the area illuminated
by the brightness amplifier is 4.5 mm. The output radiation of the brightness amplifier is fo-
cused on the matrix of the high-speed camera 7 with the lens 8 MC Zenitar 1.2/50s. The rec-
orded observation area is 4.0x1.2 mm2 with a spatial resolution of 12.5 microns. The spread
of combustion products during the combustion of the Al-CuO thermite mixture can exceed 50
cm, therefore, a protective quartz glass is installed in front of the lens.

We used a copper bromide vapor brightness amplifier based on the gas discharge tube
(GDT) with a diameter of 3 cm and a length of the active part (inside the external heater) of
60 cm. The GDT had a sealed-off construction with external heating of the gain medium, sim-
ilar to that previously used in systems with brightness amplification in [6, 7, 20]. The design
features of the GDT are given in [20]. A power supply with a pulsed charge of the storage ca-
pacitor, considered in [20], was used to pump the active medium. The pulse repetition fre-
quency (PRF) of the pumping source, and, consequently, the PRF of the laser radiation, was
20 kHz. The operating conditions were optimized to ensure a uniform beam profile of en-
hanced spontaneous emission (ASE) and a relatively low average power of ASE — 26 mW at a
wavelength of 510.6 nm. This mode of operation of the brightness amplifier is considered in
[27]. The low average ASE power with a relatively large observation area provided an ex-
tremely low power density of the laser monitor radiation on the surface of the object of study



(1.6 mW/mmz2), had no noticeable effect on the surface of the object of visualization and ex-
cluded the possibility of uncontrolled initiation.
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Fig. 3. Laser monitor. 1 — sample; 2 — substrate; 3 — initiating laser; 4 — fiber optic light
guide; 5 — lens; 6, 10, 14 — protective quartz plates; 7 — laser monitor camera; 8, 12 — lenses;
9, 13 — gray filters; 11 — side camera; 15 — external generator; 16 — 510+5 nm filter; 17 —
brightness amplifier; 18 — image-forming lens; 19 — power supply for a brightness amplifier;
20 — fiber optic light guide; 21 — synchronization unit; 22 — start button.

Despite the high brightness of the radiation on the green line of the brightness amplifier
(510.6 nm), installing only a gray filter 9 between the brightness amplifier and the lens 8 was
not enough to suppress the illumination created by the brightness glow of the object of study
passing along the optical path of the laser monitor. The thermite mixture Al-CuO combustion
is currently the most brightly glowing object studied using a laser monitor. In this regard, it
was necessary to install a bandpass filter 16 with a bandwidth of 510+5 nm.

The side-mounted high-speed camera Evercam 1000-16-C 11 with a lens MC Zenitar
1.2/50s 12 was installed at an angle of 90° to the optical axis of the brightness amplifier. Gray
filters of the HS type were installed in front of the lens to reduce the illumination. Image re-
cording, as in the two-angle scheme, was carried out at a speed of 5000 frames/s; the spatial
resolution of the matrix was set at 640x192 pixels for both side images in their own glow and
for images of the laser monitor.

The brightness amplifier operates in a pulsed high-frequency mode with a pulse duration
of tens of nanoseconds [20, 21]. Thus, in order to ensure the same exposure of the high-speed
camera matrix, it is necessary to synchronize the sequence of shooting frames with the se-
quence of radiation pulses of the active medium of the brightness amplifier. The camera ma-
trix can be exposed by one or several pulses of laser radiation [19].

In this work, synchronization is performed using the STM32F103C8T6 microcontroller
board. The view and pin scheme of the synchronization unit is shown in Fig. 4.

To minimize interference from high-voltage pulses of the power supply, the electronic cir-
cuit is placed in a metal case, and the input and output signals are optically isolated. Via the
optical fiber channel “OPT IN” (20 in Fig. 3), implemented using the HFBR-0500Z kit, pulses
synchronous with the active medium pumping pulses are fed to the input of the microcontrol-
ler. The inputs of the microcontroller also receive signals from the “START” button or from
an external pulse generator “TRIG”.
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Fig. 4. Synchronization scheme based on the STM32F103C8T6 mlcrocontroller board. a — se-
rial synchronization; b — parallel synchronization; ¢ — photo of the synchronization unit and
connection of high-speed cameras. 1 — slave camera 1 (as part of a laser monitor); 2 — slave
camera 2 (side camera); 3 — synchronization unit; 4 — external generator; 5 — optical channel
“OPT IN”; 6 — outputs and inputs of the synchronization unit; 7 — “EXT SYNC IN” input of
the slave camera 1; 8 — output “EXT SYNC OUT” of the slave camera 1; 9 — input “EXT SYNC
IN” of the slave camera 2.

The microcontroller generates two output signals: the external synchronization signal
“CAM SYNC” for the high-speed camera and the enable signal “LLAS IN” for the initiating la-
ser (Fig. 5). The input and output signals of the microcontroller are galvanically isolated using
FOD817 optocouplers. The synchronization unit has two galvanically isolated power supplies.
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Fig. 5. Oscillograms of synchronization pulses. a — lasing enabling pulse LAS IN (1) and CAM
SYNC signal (2) of the synchronization unit; b — EXT SYNC IN/CAM SYNC (2) and EXT
SYNC OUT (3) sync pulses of the master camera 1.



The microcontroller program has five preset values for the duration of the initiating laser
pulse, selected by the switch, to affect the test sample for the operation mode started by the
“START” button. After pressing this button, a “LAS IN” signal and a train of “CAM SYNC”
pulses are generated, which is illustrated by the waveforms in Fig. 5.

The number of pulses in the train is preset by the microcontroller program. It is important
to ensure that this value is less than the value set in the service program to avoid overwriting
frames and loss of the initial recording fragment. If the pulse duration of the initiating laser is
required, which differs from the preset ones, an external generator is used. The signal from
the external generator is fed directly to the laser enabling input; the generating of the “CAM
SYNC” pulse train also begins with this signal. Since the recording start time is arbitrary with
respect to the emission pulses of the brightness amplifier, the delay of the first “CAM SYNC”
pulse with respect to the front of the “LAS IN” signal varies from 200 to 250 us.

There are five preset values in the microcontroller program (4, 6, 10, 20, 40) for the fre-
quency division coefficient of the pulses coming through the optical channel from the power
supply of the brightness amplifier. Thus, the synchronization unit generates trains of pulses
with frequencies of 5.0, 3.33, 2.0, 1.0 or 0.5 kHz synchronized with the emission pulses of the
brightness amplifier. The pulses of these trains serve as synchro pulses for recording frames
by digital cameras at recording speeds of 5000, 3333, 2000, 1000 and 500 frames/sec, re-
spectively.

We have tested two options for synchronizing shooting with two Evercam 1000-16-C cam-
eras. For both cameras, the "slave" mode was set in the service program. Which of the camer-
as in the laser monitor 7 or the side 11 in Fig. 3 is slave 1 or slave 2 does not matter. In the
first synchronization variant, pulses from the “EXT SYNC OUT” output of the slave camera 1
were fed to the “EXT SYNC IN” input of the slave camera 2 (Fig. 4a). At the same time, “CAM
SYNC” pulses from the synchronization unit were applied to the “EXT SYNC IN” input of the
slave camera 1. It is important to note that the duration of the “EXT SYNC OUT” signal of the
slave camera 1, as well as the slave camera 2, repeats the duration of the signal at the “EXT
SYNC IN” input (40 ps).

In the second variant, “CAM SYNC” pulses from the synchronization unit were fed to the
“EXT SYNC IN” inputs of both cameras. Accordingly, the “EXT SYNC OUT” output was not
connected. Since the delay in generating the “EXT SYNC OUT” signal in relation to “EXT
SYNC IN” is 0.3 microseconds, it is not critical. Therefore, both synchronization modes are
acceptable and provide the required shooting mode.

3. Application of visualization schemes

3.1 Two-angle visualization of combustion

Fig. 6 presents the results of visualization of the combustion process of the Al-CuO sample
obtained using a two-angle visualization scheme. Obviously, the area of laser exposure is bet-
ter visible in the images of the front camera, which makes it possible to record the dynamics
of the process, starting from the first moments of the heating action of the initiating laser. Ac-
cording to the data of this camera, the time of the combustion of the sample (110.6 ms) was
determined. This parameter is important for estimating the initiation energy.

Based on two sequences of images of the process, it is possible to analyze the combustion
dynamics — changes in the flame propagation velocity during the process. The distance to
which the flame front has shifted is determined from the frames of the high-speed recording.
The time is calculated based on the number of frames corresponding to this distance. The
flame propagation velocity is determined by distance and time. The calculation results are
shown in Fig. 7.
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Fig. 6. Visualization of the combustion of the Al-CuO mixture (sample 1) in the two-angle

scheme (Fig. 1a). a — front view; b — side view.
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Fig. 7. The displacement (a) and the propagation velocity of the combustion front (b) corre-
sponding to the process in Fig. 6

It follows from the data obtained that the flame propagation velocity in the horizontal and
vertical directions may differ within the order of magnitude. The data obtained can be used to
develop or verify a spatial model of the combustion of the Al-CuO thermite mixture.

3.2 Visualization using a laser monitor

The difference between laser monitoring and direct high-speed imaging is the observation
of the surface over which the combustion spreads. Fig. 8 shows frames of high-speed video

recording of laser monitor images, synchronized with frames of direct video shooting from
the side.
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The process time calculated from the images of the laser monitor represents the time of the
process in the field of view only. The side camera provides an overview of the entire combus-
tion process. Fig. 9 shows graphs of the change in the velocity of propagation of the combus-
tion front over the surface and the corresponding flame propagation. The data demonstrate a

significant inhomogeneity of the combustion of the studied mixture.
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responding to the process in Fig. 8



4. Conclusion

The paper considers the synchronous operation of two high-speed cameras Evercam F
1000-16-C (Russia) as part of a two-angle high-speed visualization scheme and for recording
images in a visualization scheme with brightness amplification (laser monitor). To implement
the operation of the Evercam F 1000-16-C high-speed camera as part of a laser monitor with
a copper bromide brightness amplifier, a synchronization circuit based on the
STM32F103C8T6 microcontroller board has been developed. The circuit allows us to imple-
ment a train image recording mode.

For the first time, these cameras were used for high-speed visualization of laser initiation
and high-temperature combustion of thermite mixture with a burning rate of up to 4.5 m/s
(Al-CuO nanopowders mixture). In the two-angle visualization scheme, the flow of the com-
bustion process of the sample is synchronously recorded from two positions, which makes it
possible to determine not only the temporal characteristics of the process in different direc-
tions, but also to form a spatial representation of the parameters and intensity of the radia-
tion accompanying combustion. Thus, it is possible to obtain data for developing or verifying
a 3D model of combustion process.

The experience gained using Evercam F 1000-16-C cameras and the implementation of a
laser monitor using these cameras will be used in the future for a more detailed study of the
combustion of thermite mixtures and other high-energy materials.
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