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Scattering of laser radiation from condensed phase of heterogeneous smoky
plasma

A technique for research the spatial structures of the condensed phase grains in heteroge-
neous smoky plasma by determining the laser scattering indicatrix modulated with a frequen-
cy of 60 kHz in three spectral intervals was developed. An experimental stand was created to
register the laser scattering indicatrix on the wavelengths of 808 nm, 630 nm and 532 nm in
the scattering angles range from 0 to 170" with a measurement time of 3 seconds. A program
of registration and processing of measurement results on a computer has been developed.
Tests of the experimental complex on the flame of metalized fuel compositions were carried
out.
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Introduction. Contemporary contactless research methods of heterogeneous plas-
ma provide the analysis of the laser radiation intensity scattered by a dispersed com-
ponent at different angles. Data processing of optoelectronic devices response of the
measuring complex to a scattered light signal makes it possible to determine the scat-
tering indicatrix (angular distribution of scattered radiation) and to determine such
important parameters of the smoky plasma as the grains size distribution function of
the condensed phase, as well as their concentration and spatial distribution [1, 2]. It is
assumed that the time interval for measuring the parameters of the plasma medium is
sufficient for the system to be considered quasi-stationary.

In recent decades, after the publication of the first results on the formation of or-
dered spatial structures of particles in a smoke plasma [3, 4] and a number of theoret-
ical works [5, 6], interest in such studies has grown significantly, which led to the ex-
perimental identification of "plasma crystals" in a gas discharge plasma with
monodisperse condensed grains [7, 8]. The researches of dusty plasma are described
in sufficient detail in monograph [9] and other publications. Along with this, only in-
dividual scientific works [10, 11] are devoted to the physical properties of smoky
plasma, and the systemic researches of the mechanisms of charging and interaction of
grains were not spent. This is due to the presence of a multifractional dispersed
phase, thermodynamic instability and spatial inhomogeneity of plasma parameters.
Nevertheless, interest in the properties of smoky plasma is growing due to its use in
non-standard technological and power systems. It should also be noted that the effect
of displacement of the ionization equilibrium in relation to the quasineutral plasma in
smoky plasma is predicted [12], which has not yet received experimental confirma-
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tion. All this stimulates the development of methods and devices for the experimental
research of heterogeneous smoky plasma.

Objective of the present work is development a technique for research of laser
radiation scattering by the condensed grains of heterogeneous smoky plasma for de-
tecting ordered spatial structures and creation of the automated experimental stand.

Statement of the problem. Following the above brief scientific literature re-
view, it can be concluded that the spatial ordered structures of charged condensed
grains in a gas-discharge plasma ("plasma crystals") have been researched in suffi-
cient detail [9]. Along with this, only some publications are devoted to the spatial
structures of particles in smoky plasma, despite the fact that they were discovered
much earlier [3]. This is due, first of all, to the complexity and variety of processes in
smoke plasma [4] (multifractionality of condensed grains, impossibility of direct ob-
servation of nanograins, etc.). As shown in [10, 13], smoky plasma differs signifi-
cantly from dusty plasma.

The condensed phase in the smoky plasma is formed directly in the combustion
products at a high temperature and therefore can contain three fractions of grains,
with the smallest fraction having a size of about ten nanometers, as a result of which
the use of optical methods has a number of restrictions. The same applies to grains of
the second fraction — about a hundred nanometers. Thus, classical optical methods are
applicable only for the third fraction of grains larger than a micron. Along with that,
the results of calculations [14] show the possibility of the formation of spatial struc-
tures of the micron fraction of grains, and therefore in this working we are focused on
the coarse fraction.

Consider the conditions for the appearance and possible registration of an or-
dered spatial structure of grains of a condensed phase of the "diffraction grating" type
in smoky plasma. Let the grains form a volumetric diffraction grating in the space
under study, as shown in Fig. 1, where is the scheme of the diffraction of a parallel
monochromatic ray of light on a volumetric diffraction grating.

The formation of the diffracted ray obeys the Wulff—Bragg's equation law:

2L-sin® = A, (1)
where L is the distance between particles (step of the diffraction grating), ® is the an-
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Fig. 1. Diffraction the ray of light on the three-dimensional grating.
1 — Incident ray; 2 — diffraction grating; 3 — transmitted ray; 4 — diffracted ray.
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gle of incidence ray, 4 is the wavelength of the light ray.

It should be noted that for a three-dimensional grating and monochromatic inci-
dent ray (for example, a laser beam) there is only one diffracted ray 4 (see Fig. 1),
and it lies in the same plane with the incident 7 and transmitted 3 rays, and its «exit
angle» from the grating is equal to the angle of the incident ray ® [15]. When mono-
chromatic rays with different directions enter the yolumetric grating, only that dif-
fracted ray will be observed, the propagation direction of which satisfies the Wulff—
Bragg's equation. This property, called "angular selectivity", is largely determined by
the relative thickness of the grating, expressed as the ratio of the geometric "thick-
ness" to the grating step A4/L. The larger this value, the pointed is the grating selectivi-
ty.

In addition, it follows from [15] that the intensity of the diffracted ray I is pro-
portional to the square of the number of those elements of the grating N that are with-
in the volume V of the intersection of the incident laser beam with the diffraction
grating, i.e. / ~ N°. In the technique of optical measurements of dispersed systems,
such a volume V is called "counting volume". Its value for installations that measure
the spatial distribution of light energy 7 reflected from a collection of grains (or one
grain) located at a given time in the "counting volume" is determined by the diameter
of the laser beam D and the aperture ¢ of the photodetector. In the first approxima-
tion, the “thickness” of the grating is # = D, and the value of D depends on V. For
more reliable recording of the diffracted ray (i.e., increasing /), V should be increased
due to the expansion of the aperture ¢, which will lead to an increase in the number
of grains N, participating in the scattering of light radiation.

Let us take into account that the radiation of the condensed phase of the smoky
plasma is recorded by seven photodetectors at angles of 10°, 20°, 30°, 40°, 50°, 60°,
about 70° of the relative incident ray. It was assumed that if a volumetric diffraction
grating of condensed grains appears in the plasma flow, then the recording system of
the experimental stand will detect a diffracted light ray by one of seven
photodetectors, since they are located in the plane of the incident, transmitted and dif-
fracted rays. Let us calculate what the parameters of the dispersed system should be,
namely — the distance between grains (grating constant) L and the numerical concen-
tration grains n for four fractions, which are observed in experiments [4, 16, 2] with
dimensions: 10 nm, 100 nm, 1 um and 30 um. From formula (1) it follows that at the
wavelength of the "red" laser Az = 0.63 um and various fixed viewing angles ©, the
grating constant L is determined as follows:

L =2\ 2sin® = 0.63/2 sin® (2)

The calculation results for L and n are shown in Table 1.

As can be seen from Table 1, for detect the diffracted ray, the grating constant L
should be about a micron (from 1.8 um to 0.34 um), and this value depends on the
observation angle ® (the larger it is, the «denser» the grating). The dependence of the
grains concentration n from @ is the more significant, then smaller the grains size. So
for a fraction of 10 nm, the difference in n takes place by two orders of magnitude
(from 1.7-10" m™ at ® = 10° to 2.7-10" at ® = 70°). The numerical concentration
of the 30 um fraction is already practically independent of ©®.
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Table 1. Values of the grating constant L and grains concentration # at differ-
ent scattering angles of the model diffraction grating ®

O, angular o o o o o o o
degree 10 20 30 40 50 60 70
L, um 1.81 0.92 0.63 0.49 0.41 0.36 0.34

n(10nm), m> |1.7-10"] 1.2:10" | 3.8-10" | 8.0-10" | 1.4-10" | 1.9-10" | 2.7-10"

n (100 nm), m> | 1.4:10"" | 9.4:10" | 2.6:10"° | 4.9:10" | 7.5:10" | 1.0-10” | 1.2:10"

n(lum), m> |4.510°] 1.4-10" | 2.3-10"7 | 3.0-10" | 3.6:10" | 4.0-10"" | 4.2-10"

n (30 um), m> | 3.1-10° | 3.3-10" | 3.4-10” | 3.5:10"° | 3.6'10" | 3.6:'10" | 3.6:10"

Fig. 2. The experimental stand schematic for measuring the indicatrix of laser radiation
scattering by the condensed phase of the smoky plasma:
1 — stand base; 2 — racks for moving and setting the height of the platform 3 with photo de-
tectors 5; 4 — microcontroller unit; 5 — photodetectors (8 pcs.); 6 — fuel sample; 7 — mova-
ble arm; 8 — table for lasers; 9 — generator for laser diode pumping; 10 — replaceable laser
diode mounting compartment.

From these calculations the conclusion follows, that the detection of the "plas-
ma crystal" in the condensed phase is a unique event, the fixation of which is possible
only by contemporary experimental methods.

Description of the experimental stand. When developing an experimental
stand at the Physics Research Institute of ONU for the study of the spatial structures
of condensed phase grains in the heterogeneous smoky plasma by determining the
scattering indicatrix of laser radiation, the presence of intense radiation of the plasma
flow was taken into account. To exclude it when registering scattered radiation, the
probe laser 1s modulated at a frequency of 60 kHz; photodetectors operate at the same
frequency. The scheme of the experimental stand is shown in Fig. 2.

As follows from Fig.2, scattered radiation is recorded in the angular sector from
0 to 70° every 10° using eight photodetectors (5) and can be adjusted in the range of
0+170 degrees. The removable compartment (10) contains three laser emitters with
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wavelengths Az = 808 nm, Az = 630 nm and A = 532 nm. The stand consists of a
fixed base 1, on which a table 3 with photodetectors is installed with the help of racks
2. On the surface of the table there are eight lenses of photodetectors 5, which are at-
tached to the table with one clamping screw on the racks 2, which makes it easy to
direct the optical axis of each of the lenses towards the center of rotation 6 of the
fixed base of the experimental stand.

On the movable arm 7, which can rotate in a circular arc around the center 6 of
the fixed base, a table of laser emitters (8) is installed with the help of two racks at
the required height on which a generator for the formation of a pulsed pumping cur-
rent of laser diodes (9) and a removable compartment for attaching these laser diodes
(10). The movable arm 7 can be fixed in any required angular position, which allows
you to change the orientation of the laser beam relative to the photodetectors, thereby
investigating the scattering indicatrix in any angular coordinates with the «angular
width of the zone» 70°.

The optoelectronic circuit of the setup includes a control microcontroller 4 con-
nected by a cable to both a generator for generating a pulsed pump current (with a
frequency 60 kHz) of laser diodes (9) and to an external computer. This computer is
loaded with a software package that provides measurement data from the microcon-
troller via the USB interface, as well as their storage in the program format for graph-
ical presentation of the processed experimental results.

When the stand is fully ready for the experiment, the "Ready-Standby" mode is
introduced until the flame of the torch for research appears in the working zone. The
moment of appearance of a light flash is registered by a flame sensor, from which an
automatic procedure for recorded and measuring the parameters of laser beam that
has passed through the flame and/or is scattered from the grains of the plasma for-
mation is started. During the first 0.5 second, the software automatically adjusts the
dynamic range of the measurement level of the input optical signal in each measuring
channel. The end-to-end sensitivity of each of the receiving channels is set, at which
the average value of the received signal is equal to half of the entire measurement
range. Then, within the next 2.5 seconds, the current values of the transmitted and/or
scattered signals are recorded in each of the eight measuring channels with a frequen-
cy of 1000 measurements per second (with a dynamic range of 2°), that is, a total of
2500 measurements in each channel.

At the end of the experiment, data is transferred from the stand microcontroller
memory through the serial port to the computer. After data transfer, the controller
memory is cleared, each of the eight measuring channels is set to zero, and the exper-
imental stand again switches to the "Ready-Standby" mode until the next signal ap-
pears.

The saved experiment data in a specific computer file can be viewed and ana-
lyzed on a graphic monitor of the special LTspiceXVII program. The working win-
dow of the computer with the data processed by this program and displayed in graph-
ical form is shown in the Fig. 3. It shows signals recorded for 2.5 seconds by all
channels of the stand when a test glycerin fog is injected into the working area. Curve
No.I in the fig. 3 corresponds to the signal of the main beam of laser radiation with a
wavelength of 4;z = 808 nm on the photodetector No.1. Graphical recording of radia-
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Fig. 3. Passage of the «infrared» laser beam (A;zx = 808 nm) through the test glycerin fog
(curve No. 1 — green). Scattered radiation from glycerin particles on different channels
(from No.2 to No.8) is presented by multi-colored curves No. 2+4.

tion from glycerin particles on different channels (from No.2 to No.8) are designated
2, 3.... 8. On the computer screen, they are represented by colored curves, and in the
upper part of the window there are colored inscriptions of the numbers of the
photodetectors. You can programmatically select the desired curve or part of eight
curves and display them on the monitor.

Experimental research. A prototype of the special pyrotechnic composition in
the form of the cylinder 10'm high was placed in the center of the experimental stand
(see position 6 in Fig. 2), above which, at the height of 22.5 10™m, the platform (3)
with recording photodetectors was fixed. (five). The combustion process was record-
ed on a video camera, the spectral range of "im-
age capture" which extended into the infrared
region. [lpu mosiBneHuu miamenu (HoTomaTyu-
KOM 3aIyCKaJICs AJIEKTPOHHBIN OJIOK YCTaHOBKH,
NIEPEBEICHHBIM 3apaHee [0 3KCIEpUMEHTa B
xayuui pexum. When a flame appeared, the
photosensor triggered the electronic unit of the
setup, which had been put into standby mode
before the experiment. The first 0.5 seconds of
burning were used to adjust the electronic unit
to the signal levels from all photodetectors, and
during the rest of the experiment (about 2.5 se-
conds), data was accumulated in the stand con-
troller. Then, after the end of the combustion
process, the data from the controller were down- :
loaded via the USB port for 3 seconds to the Fig. 4. General view of the flame
working computer of the stand. In Fig. 4 shows
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Fig. 5. Curves of scattered laser radiation with a wavelength of Az = 630 nm when pass-
ing through the flame

a general view flame from the pyrotechnic composition.

Computer processing of the information showed that in = 2.1 seconds after the
beginning of the combustion process, a significant «splash» of the intensity of radia-
tion scattered from the particles of smoky plasma, recorded by the photodetectors of
all seven channels, is visible (see Fig. 5).

In this case, the first channel, which records the attenuation of the main laser
beam as it passes through the flame, did not detect the burst (this curve is not shown
in Fig. 5).

Curve No.l (green), corresponding to a signal recorded at an angle of 10° rela-
tive to the main beam, has the highest amplitudes of laser radiation scattered by
smoky plasma grains with a wavelength of Az = 630 nm.

From Fig. 5 can be seen that the averaged signal amplitude before the «splash»
(up to the moment of time = 1.6 s. From the beginning of the combustion process +
0.5 s) was about 1.2+1.3 conventional units (determined by the process of electronic
“splitting” signal). The amplitude of the «splash» of the signal was about 2.7 conven-
tional units, which is almost 2 times more than the average value. «Splashes» of the
same order were observed at other observation angles (by other photodetectors), but
with a lower intensity. As noted above, the first photodetector on the "main" axis of
the laser beam did not register any splashes of signal intensity.

One of the explanations for this effect can be the scattering of the laser beam on
a volumetric diffraction grating consisting of grains of a condensed phase, such as a
"dusty crystal", which emerged situationally in the plasma flow.

It should be noted that in experiments with a "red" laser (Ag = 630 nm), a
«splash» in the scattered radiation curves was observed only once. When using an in-
frared laser (4;z = 808 nm), the «splash» was not recorded. Most likely, this is due to
the uniqueness of the event of the formation of «dust crystalsy», which emphasizes the
need for comprehensive researches of the properties of the smoky plasma formed in
the combustion products of pyrotechnic compositions.
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PaccesiHue J1a3epHOIro U3Jly4eHHs] KOHJACHCUPOBAHHOM (pa3oii rereporeHHoMn
ABIMOBOM IJ1a3MbI

AHHOTAIMS

IIposeden 0630p npobaemsl pecucmpayuy Ynopsoo4eHHoOU CmpyKmypsl ¢ OucnepcHo ga-
3bl 8 NIASMEHHBIX 00pA306aAHUAX, 20€ NOKA3AHO, YMO 6 IKCNEePUMEHMAX C 2a30pa3psaO0HOU
nazmotl, cooepaicaujeli MOHOOUCNePCHble KOHOEHCUPOBAHHbLE YACMUYbL, ObLIU OOHAPYIHCEHBL
«naasmeHnnvle Kpucmaniely. Paspabomana memoouka ucciedo8aHus npocmpanHcmeeHHvlX
CMPYKmMyp 4acmuy KOHOEHCUPOBAHHOU (ha3vl 6 2emepo2eHHOU ObIMOBOU Niazme Nymém on-
peoenenus UHOUKAMPUCHl pACCessHUA N1A3ePHO20 U3NYUeHUsl, MOOYIUPOBAHHO2O C 4ACMOMOU
60 kl'y 6 mpéx cnexmpanvhvix unmepsanax. Co30ana 3KCnepUMeHmManlbHas YCMaHo8KA OJisl
peaucmpayuu UHOUKAMPUCHL PACCESHUS JIA3ePHO20 U3ay4eHuss Ha Onunax 6o 808 um, 630
HM U 532 Hm 6 unmepsane yenos paccesnusi om () 0o 1 70’ Paspabomana npoepamma pecucm-
payuu u obpabomku pe3yiomamos uzmepeHuti na Komnviomepe. llposedenvt ucnvimanus
9KCNEePUMEHMANbHO20 KOMNJeKca Ha (akene nupomexuuyeckux xomnosuyuu. OOHapyiceH
MAKCUMYM PACCESIHHO20 JA3EPHO20 U3LYYEHUS, KOMOPbIL MOXNCEM CEUOEmeNbCMEo8ams O
CUMYamMuUBHOM NOAGNEHUU «NIA3MEHHO020 KPUCMANLA» 8 0biM08ol niazme. OOHApYH#CeHO nu-
KOBoe ygsenudeHue UHmMeHCUGHOCmuY paccesiHno2o usaydenus. Coenansvl 6b1600bl 0 HEOOX0O0U-
MOCMU KOMIJIEKCHBIX UCCAe008AHULL C8OUCME ObIMOBOIU NIA3Mbl, 00PA308AHHOU 8 NPOOYKMAX
C20paHUs NUPOMEXHUYECKUX COCMABOS.

Knrouesvie cnosa: ['emepocennas nnazma, paccesuue ia3epHo2o U3LyYeHUs, NpoCmpaH-
CmeeHHble CMPYKMYpbl YACMuly 8 nidsme.

Apazan I'.C., Caumoniit B.1., [llunzapvoe I'.J1., Pimaweescokuii O.A.,
Konecnikoe K.B., Illeeuenxo O.M., Auko B.B.

Po3ciroBaHHs J1a3epHOr0 BUIIPOMIHIOBAHHS
KOH/ICHCOBAHOI (23010 reTeporeHHol IMMOBOI IJIa3MHU

AHOTAILIA

Ilposedeno oens0 npobremu peecmpayii 6nOPAOKOBAHOL cmpyKmypu 3 Oucnepchoi gasu 8
NJIA3MOBUX YIMBOPEHHSX, 0e NOKA3AHO, W0 8 eKCNepUMeHmax 3 2a30p0o3psA0HOi nAa3MO0, Wo
MiCmums MOHOOUCNEPCHI KOHOEHCO8AHI yacmku, Oyau eusasieHi «niazmosi kpucmanuy. O0-
Hak 6 oumoeoi (i nunosuil) niasmi @hikcysagcs minbKu OOUHUYHUU — dakm, o
cnocmepieaemvbcsi 8 GIOIOPAHOI HA CKAAHY NIOKAAOKY NPOOYKMIE 2OPIHHA NIPOMEXHIYHUX
Komnozuyiu. Po3pobreno memoouxy 00CniodHCeHHs NPOCMOPOSUX CMPYKMYP YACTMUHOK
KOHOEHCOB8aHOI ha3u 6 2emepoceHHOi OUMOBOI NAA3MI WIAXOM BU3HAYEHHS [THOUKAMpPUcu
PO3CII0BAHHA JIA3EPHO20 BUNPOMIHIOBAHHS, MOOYIb08aH020 3 dyacmomor 60 kly 6 mpbox
cnekmpanvHux inmepeanax. CmeopeHa eKchepuMenmanbHa YCMAHOGKA O peccmpayii
IHOUKampucu po3cito8aHHs 1A3ePHO20 BUNPOMIHIOBAHHA HA 006dHcuUHAx xeuib 808 um, 630 Hm
i 532 um 6 inmepsani kymie poscianns 6io 0 0o 1 70" 3 mpueanicmio umipioéanv 3 cex. Po3-
pobeHo npocpamy peecmpayii ma o6poOKU pe3yibmamis sUMiprosans Ha komn 'tomepi. Ilpo-
8e0eHO BUNPOOYBAHHS eKCNEPUMEHMATbHO20 KOMNAEKCY HA (haKkeni Memaniz08aHux naIueHUX
Komnosuyiu. Buseneno nixoge 30inblieHHs [THMEHCUBHOCMI PO3CIAHO20 BUNPOMIHIOBAHHSL.
3pobaeno 6ucHo6Kku Npo HEoOXiOHICMb KOMNIEKCHUX OO0CNIONCEeHb 61ACmU8ocmeli OUMOBOI
nazmu, ymeopenoi 6 NpoOYyKmax 320paHus NIpOMexHiuHuxX CK1aois.

Knrouoei cnosa: ['emepocenna nnasma, po3cilo8aHHs 1A3EPHOCO GUNPOMIHIOBAHHS,
npOCMOposi cCMpyKmypu YaCmuHOK 8 Nad3Mi.
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