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Purpose. To give a theoretical description of laser propagation in energy-saturated photosensitive composites as in
diffuse scattering media with close packed scatterers.

Methodology. Analysis and generalization of theoretical research. The Monte Carlo method of direct statistical
modeling has been applied. A computational study of the process of scattering of photons in photosensitive energy-
saturated composites has been carried out, the results of the computational study have been analyzed.

Findings. The results of computation of the illuminance for diffuse scattering media (DSM) by the Monte Carlo
method have been presented. In particular, it has been determined that the initiation of highly sensitive explosives and
photosensitive composites can not be explained based on the concepts of a multiple increase in volumetric illumina-
tion within a diffuse scattering medium with respect to the surface one, since such an increase is unfeasible. However,
the light regime in a diffuse scattering medium is one of the determining factors for the ignition of explosives by laser
radiation.

Originality. The diffuse reflection factor of DSM mainly depends on the photon survival rate and the refraction
index. For each DSM there is a limiting value of the laser beam radius beginning with which the spatial illuminance
does not change with the increase in the laser beam radius r. It is shown that with the increase in the bunch concentra-
tion in samples of photosensitive explosives (VS), the depth of the material layer with high values of illuminance in-
creases. Moreover, the growth rate is inversely proportional to the beam radius. This regularity is well correlated with
observed experimental dependence of VS sensitivity on the bunch concentration. Thus, in case of initiation of sub-
stance of VS2 grade with a 1.5 mm diameter laser beam, the sensitivity increased approximately by a factor of 2 with
an increase in the bunch concentration from 10 to 20—30 %, while for a 4.5 mm diameter beam the sensitivity growth
was ~ 13 %.

Practical value. The results of theoretical research were used when making laboratory samples of the optical deto-
nator and during the research on actuation of optical detonators depending on the energetic and geometric character-
istics of the laser beam.

Keywords: Monte Carlo method, numerical computation, diffuse scattering medium, laser, radiation, scattering, photons,
explosives

Introduction. The up-to-date requirements for safe
and accurate carrying out of blasting operations in vari-
ous branches of industry show a clear need for develop-
ment of new systems for initiation of explosive charges.
Improvement of methods for blasting operations in the
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field of material processing, rock destruction and carry-
ing out of special blasting operations using laser propa-
gation energy requires the development of new means of
initiation and, accordingly, new primary initiating ex-
plosives with high sensitivity to laser radiation [1].

To develop a technically effective laser method for
initiating explosive charges, systematic research on the
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laser blasting of live initiating explosives and certain
minerals began to be carried out in the 60's and 70's of
the past century. The experiments conducted in the
USSR, the USA and Japan unequivocally showed the
futility of production on their basis of laser systems for
initiating explosive charges, especially for carrying out
mass explosions.

During the 80's—90's of the past century and at the
beginning of this century the employees of Saint Peters-
burg State Institute of Technology (I. Tselinskiy, M. Ily-
ushin, I. Shugaley and others), the Institute of Mechan-
ics of the National Academy of Sciences of Ukraine and
the National Mining University (A. Baranovskyi, A. Cher-
nai, V. Sobolev and others) carried out a number of joint
studies on search, development and production of ex-
plosives, which are highly sensitive to laser radiation [2].
As a result of the conducted work, the photosensitive
compositions with an assigned abbreviation VS were ob-
tained, which were tested in detonators as primary ex-
plosives starting detonation in secondary explosives such
as pentaerythrite tetranitrate and tetryl. Ignition of VS
was carried out by transferring laser radiation through a
light guide cord or through an air atmosphere. Favorable
results of the experiments indicated that the success of
the practical implementation of laser initiation systems
depends directly on the development and production of
new initiating explosives [3]. The photosensitivity of new
initiating explosives to laser radiation should exceed the
sensitivity of primary initiating explosives (mercury ful-
minate, lead and silver azides, leadtrinitroresorcinat) by
two or three orders of magnitude, and the sensitivity to
standard physical and mechanical effects should not ex-
ceed the sensitivity of secondary initiating explosives (pen-
taerythrite tetranitrate, tetryl, etc.).

So far, about ten different VS, which are the most
suitable for solving practical problems, have been syn-
thesized [4]. These VS are high energy systems consist-
ing of a polymer matrix in which the microparticles of
the explosive are distributed. VS, as a new class of pri-
mary initiating explosives, are intended for use in the
initiating means as primary initiating charges or as a
monocharge serving simultaneously as a primary and
secondary explosive. In practice, we used some photo-
sensitive explosives as the main charge [2], i.e. without
the use of primary and secondary live explosives. Since
the photosensitive explosive composites differ in physi-
cal and chemical properties and explosive characteris-
tics, they are recommended for use in various fields of
machine-building and mining and smelting industries.

Owing to the invention of photosensitive primary ex-
plosives at the National Mining University in 1995 with
the use of production and technical facilities of the In-
stitute of Mechanics of the National Academy of Sci-
ences of Ukraine, the first in the world experimental mod-
el of the laser system of initiation of explosive charges,
the OPCIN, was manufactured (V. Sobolev, A. Chernai,
N. Studinskyi). The laser radiation used in the OPSIN is
characterized by such parameters as wavelength of
1.06 um, impulse duration of 10—11 ns, pulse energy of
100—200 mJ. The light pulse with similar parameters can
be obtained only by means of an optical quantum gen-
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erator (laser), but it cannot spontaneously arise in na-
ture or in technology. This fact speaks well for increased
safety conditions when working with OPSIN. It is also
obvious that the effectiveness of the use of new photo-
sensitive initiating explosives (VS) requires study and
careful analysis of the peculiarities of the mechanism of
explosives ignition by narrow laser beams.

To substantiate physical and chemical characteristics
of photosensitive explosives and physical and technical
parameters of optical detonators, the interaction of a
photosensitive composition with a laser beam should be
simulated.

Not only explosive and physical and chemical prop-
erties of a test sample, but also its component analysis,
as well as geometric characteristics play an important
role in the process of reliable VS ignition. In addition,
the characteristics of a laser beam play an equally im-
portant role. Often the practice of transferring the stud-
ied regularities and established parameters during the
study of any one type of photosensitive composition to
another type appears to be improper [4]. Experimental
research on the ignition mechanism and tryout of ratio-
nal modes of VS initiation prove to be long-lasting and
time-consuming.

Thus, a necessity for development of a physico-math-
ematical model connecting the light regime with the
threshold energy of ignition of explosives and describing
the behavior of photons in media with scatterers, which
is a crucial scientific and practical task, arises during re-
search.

Analysis of the recent research. The Monte Carlo meth-
od is widely used in modeling problems of the propaga-
tion of laser radiation in inhomogeneous media [5], for
studying the patterns of photon propagation in multi-
layer materials [6]. This method is also used in the opti-
cal diagnostics of biological media [7], the passage of
ultrashort laser pulses through an inhomogeneous me-
dium with mobile scatterers [8]. The Monte Carlo meth-
od is indispensable in modeling the initiation of chemi-
cal reactions in condensed explosives [9] and primary
initiating explosives [10]. Some of foreground tasks to be
solved within the scope of these directions consist in
analysis of processes of three-dimensional distribution
of laser radiation in materials, computations of distribu-
tion of density of absorbed radiation energy, random
photon motion path in a material (on the basis of geom-
etry and optical properties), scattered radiation intensity
(at any given sample geometry), etc. During research on
energy-saturated materials, which are potentially capa-
ble of phase and chemical transformations when the la-
ser action energy is relatively small, the regularities of
initiating explosives ignition, the effect of absorbing im-
purities on the process, the regularities of explosives ig-
nition due to duration and aperture of laser radiation
with due regard for multiple scattering are particularly
studied.

The main regularities of the process of light scattering
in diffuse scattering medium have been studied complete-
ly enough in A.P.Ivanov’s monograph, but the issue of
the spatial illuminance inside a layer has not been studied
in detail. Nevertheless, the spatial illuminance represents
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a particular interest for practice of research on substance
physicochemical transformation. However, obtaining a
solution of a transformation equation in a general case
(under conditions of a laser beam limited diameter, diver-
gence of incident radiation, final absorption, beam oblique
incidence, etc.) faces difficulties of a computation charac-
ter. Therefore, E.I. Alexandrov, A. G. Vozniuk, V. P. Tsypi-
lev computed the light field spatial illuminance in the
quantity of explosives by the Monte Carlo method in their
papers (1988, 1989). They showed that at some depth of
the sample surface the illuminance reaches a maximum,
the value of which depends on a laser beam radius, an
average photon path length 7 sample diffuse reflection
factor R, substance refraction index #n. The character of
dependencies indicates that with decrease in R and in-
crease in 1 (fixed laser beam radius r) the illuminance
maximum decreases, which means that the critical den-
sity of ignition energy increases. In addition, as it appears
from computations, for the purpose of an endlessly wide
beam the spatial illuminance is greater than the surface
one by a factor of 16 n3/(n+1) (n is the explosive refrac-
tion index). In view of the illuminance increase with this
formula, the results of the experiments on initiation of
heavy metal azides are in satisfactory agreement with the-
ory. However, when studying separate monocrystals of
B-lead azide representing plane-parallel plates with di-
mensions of 40um X 200um X [0mm, J.T.Hagan and
M. M. Chaundhri obtained anomalously high sensitivity
of 1.5 mJ/cm?. In this case there is no cause to speak
about increase in the spatial illuminance. In this regard
the doubts occur as to either local thermal process of igni-
tion of explosives, which are highly sensitive to laser ac-
tion, or correct computation of the spatial illuminance
shown in papers written by E. I. Alexandrov, A. G. Vozni-
uk, V. P. Tsypilev.

After analyzing the results of computational model-
ing of scattering of photons in energy-saturated com-
posites, which are transparent for laser radiation, the con-
clusions about the necessity to consider optical effects
were drawn. Thus, the computational modeling with re-
gard for the effect of photon multiple scattering have
been conducted (V. Sobolev, A. Chernai, Ukraine, Re-
portonresearch, state registration number 0100U001825).
Similar tasks were also successfully solved during later
research with the use of Monte Carlo modified models
by specialists of a well-known school of Tomsk scholars
[10]. A distinction between research carried out in the
National Mining University and similar work performed
by specialists of other scientific institutions consists in a
study of synthesized photosensitive initiating VS of a
new grade [2]. Physical and chemical and explosive prop-
erties of photosensitive VS differ fundamentally from
those of live initiating explosives, moreover, some regu-
larities of interaction of laser radiation and established
optical properties are different.

Light propagation in scattering media has been a
subject of research within several decades. In the time of
the USSR this branch of science was developing the
most intensively in Russia, Belarus and Ukraine. The
Institute of Atmospheric Optics was founded in Russia
(Tomsk). The main research line was connected with is-
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sues of optical detection, air pollution in industrial re-
gions of the country, as well as in medicine. Also, similar
issues were being solved in the USA and Western Eu-
rope countries. Most of the focus was on the issue of
extinction of a light beam in turbid media (fog, polluted
air, red blood cells, etc.) with a small concentration of
scatterers. It was a small concentration of scatterers that
allowed transferring a nonlinear equation of light propa-
gation into a linear one.

The leading organizations dealing with issues of in-
teraction of laser radiation with energy-saturated mate-
rials are Saint-Petersburg Technical University, research
and development institutes of the Federal Nuclear Cen-
ter, the Institute of Chemical Physics of the Russian
Academy of Sciences (RAS), Tomsk Polytechnic Uni-
versity and others (Russia), Los Alamos Laboratory, the
NASA universities (USA). In Ukraine the issues of laser
initiation of explosives have been solved in the National
Mining University, the Institute of Technical Mechan-
ics of the National Academy of Sciences of Ukraine and
other research and production establishments within last
30 years.

Objectives of the article. The Monte Carlo method is
based on generation of a random value, namely: photon
motion spatial characteristics, substance absorbing prop-
erties, etc. Up-to-date methods allow tracing behavior
of each photon in a quantity of 10°—10° photons. Aver-
aging of their path is a basis for final conclusions on en-
ergy saturation of a volume of explosives, which deter-
mines the ignition process development and deflagra-
tion-to-detonation transition in optical detonators.

The building of computational models is impossible
without establishing a laser ignition mechanism. The il-
luminance in a volume of explosives plays a major role
in the ignition process. Unfortunately, computation of
the illuminance in explosives becomes more sophisti-
cated as an explosive is a medium with a high density of
scatterers, for which no analytical decisions have made
up to this time.

The purpose is to give a theoretical description of la-
ser propagation in energy-saturated photosensitive com-
posites as in diffuse scattering media with close packed
scatterers by the Monte Carlo method.

Presentation of the main research. The knowledge of
regularities of initiation and build-up of detonation in
photosensitive energy-saturated composites is required
for the purpose of effective operation and the most com-
plete use of a physical potential of the optical initiation
system and their further improvement. Such necessity is
based on at least several reasons. One of them is a funda-
mental distinction of an ignition mechanism from an
overwhelming majority of chemical explosives. Other
reasons include a necessity for a formulation selection
rationale, development of a given texture, establishment
of interdependence of laser radiation field with destabi-
lization of crystal lattice of an explosive. To unlock the
physicotechnical potential of laser ignition, the tech-
nique of prediction of a through scenario of chemical
transformations development is required.

It was deduced from experiments that for detonation
initiation, for example, in energy-saturated metal com-
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plexes a laser radiation was used with the following char-
acteristics: wavelength — 1.06 um, impulse duration —
(10—11)- 107 s, pulse energy — 0.1—0.2 J. The light pulse
with similar characteristics can be obtained by means of
a laser (optical quantum generator). There is no hazard
of unauthorized explosion from any external sources as
the probability of spontaneous occurrence of radiance
with such parameters in nature or technology is zero.
This fact speaks well for maximum possible safety con-
ditions when operating optical initiation system.

Primary initiating explosives used in optical detona-
tors (OD) are pressed powders, which allows consider-
ing them as a diffuse scattering medium (DSM) with
close packed scatterers from optical point of view. The
presence of absorbing impurities, as well as scattering
centers, affects the state of chemically active medium re-
ceiving laser radiation energy, so the correlation between
absorption capacity and sensitivity of explosives to the
light pulse effect should be expected.

In spite of the fact that basic regularities of light scat-
tering process in a diffuse scattering medium have been
studied completely enough, the issue of spatial illumi-
nance in terms of such material has not been studied in
detail. Nevertheless, the scattered light structure is of
primary concern for practice of research on physico-
chemical transformations of a substance. Under condi-
tions of limited laser beam diameter, incident radiation
divergence at an angle, final absorption, etc., obtaining
a solution of transfer equation generally faces computa-
tional difficulties. In general, the Monte Carlo method
used particularly for determination of illuminance in
DSM with close packed scatterers is the most versatile
giving consistent results under various conditions of ex-
ternal illuminance of a medium under study. Unfortu-
nately, the computational results according to the meth-
od by E.I.Alexandrov et al. can be verified only by de-
velopment of one’s own algorithm and computational
program. On the other hand, the availability of such
computational tool allows a correct statement of a prob-
lem of ignition of either high explosives, for which it is
necessary to take into account the processes of gas-dy-
namic emission of decomposition products, or initiating
explosives, when such processes are of minor impor-
tance.

The Monte Carlo method advantage over different
analytical approaches consists in a possibility of compu-
tation of scattering intensity at almost any distances from
asource as a scope of application of analytical approaches
is quite limited.

The Monte Carlo method is based on direct finding
of photon paths, where successive scattering events are
considered as a sequence of random processes. The de-
sired intensity is determined by a number of paths pass-
ing through the given space point.

When computing spatial illuminance, paths of 10°+10°
photons was computed. The beginning of a path is a
point, which is at the DSM-environment boundary il-
luminated with a directive radiator. This area was simu-
lated by an ellipse (in an individual case — by a circle).
An angular coordinate of photon entry is a random value
evenly distributed at angles from 0 to 2r and a radial co-
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ordinate is a random value determined by means of the
Gaussian law.

The path length / was determined by generating a
Poisson random variable. The path direction after entry
into DSM was determined by refraction angle at the DSM-
environment boundary. After computing the path end
coordinates a random number is generated, which is
compared with the photon survival index A, and this
point is either the point of path interruption (the photon
will be absorbed) or the point of the next path begin-
ning. The direction of further paths is determined by gen-
erating scattering angles according to scattering indica-
trix until the path exceeds the bounds of the sample or
until the photon is absorbed.

The scattering probability at any space point is deter-
mined by the photon survival index A

A =B/(atp),

where o and 3 are absorption and scattering coefficients
of elementary volume of a substance.

When A < &, (§, are successive random numbers
evenly distributed in the range from 0 to 1), the photon
is considered to be scattered, otherwise it is absorbed.
The direction of scattering is determined by scattering
indicatrix. The azimuth angle of scattering is computed
using formula v = arccos(1—2&,) — for spherical scatter-
ing indicatrix and v = arccos(213/(l - };3) —1) — for stret-
ched one. The free path length is computed using for-
mula ¢ = -t-In&,; T = 1/(a+p) is an average photon free
path length. When the photon leaves the sample, its fur-
ther behavior is determined by reflection coefficient R,
which is calculated using well-known Fresnel’s formu-
las. When &g < R the photon is reflected from the bound-
ary and returns into the sample, otherwise it leaves the
layer and contributes to diffuse reflection characterized
by diffuse reflection factor p.

To improve statistical validity of results of summing
up paths of scattered photons, the averaging of results in
terms of volume 1> was carried out.

For algorithm check-out and method verification the
following was computed: coefficients of diffuse reflection
of semi-infinite slab for the following values of photon
survival index A = B/(a+B) = 0.999, 0.99, 0.9, 0.8; pa-
rameters of elementary volume o(cm™) and B(cm™):
99.9 and 0.1; 99 and 1; 90 and 10; 80 and 20 respectively. If
the refraction index of the environment and DSM in the
first case is taken as n; = 1, n, = 1, in the second case as
n,=1, n, = 1.5, i.e. the relative refraction index n = n,/n, is
respectively n = 1 and n = 1.5. The scattering indicatrix is
spherical (y = 1) and stretched (x = 1+p) (Table).

In computations the behavior of N, = 10° photons,
the distribution of which along the beam radius was de-
scribed using Gaussian distribution, was traced. The dif-
fuse reflection coefficient is a ratio of a number of pho-
tons left DSM due to Fresnel reflection and volume
scattering to a total number of photons reaching the me-
dia boundary. Laser beam normal incidence was under
re-view (angle of incidence 6 = 0).

As it can be seen from Table, the obtained results are
in satisfactory agreements with the data from paper [5].
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Some observed discrepancy (mainly fory = 1, n = 1) is
probably due to the difference in the applied modeling
algorithms. In addition, paper [5] dealt with laser beams
with a rectangular energy density profile, and we ana-
lyzed Gaussian beams bounded by a diaphragm in terms
of an intensity level of 0.8.

Initiation of highly sensitive explosives largely de-
pends on volumetric illuminance of a substance. Where-
as absorption of luminous energy in each cell of the sam-
ple is proportional to spatial illuminance, the latter was
adopted as the main characteristic of light field. More
precisely, the ratio of spatial illuminance E(x,y,z) to sur-
face illuminance in the beam center £(0) was taken as
the main characteristic

p=t?
E(0)

In terms of the Monte Carlo model, £(0) = n(0)hv
where hv is photon energy, n(0) is the density of particle
current in the beam center.

Spatial illuminance, by definition, is the density of
flux of energy entering an elementary volume of trans-
parent medium from all sides

E,= [ 12,
4n

where [ is radiation intensity (density of flow of lumi-
nous energy in a solid angle dQ).

In terms of the Monte Carlo model, / = n-hv, where
n is the density of photon flow in a unit solid angle dQ
In case of isotropic light field

Ey(r) =4n-n(r)-hv.

For isotropic light field it follows that £, = 6-n(r)-hv.
The value

Table

Reflection coefficients of a flat scattering layer
Photon r=1 =l
survival MK, | MK, | MK, | MK/,
index A n=1
0.999 0.898 0.931 0.890 0.901
0.99 0.732 0.795 0.720 0.726
0.9 0.398 0.476 0.279 0.357
0.8 0.284 0.342 0.199 0.232

n=15
0.999 0.827 0.851 0.811 0.791
0.99 0.604 0.620 0.522 0.522
0.9 0.258 0.289 0.206 0.186
0.8 0.172 0.189 0.107 0.107

*MK, — results obtained by E.Alexandrov;, MK, — results
obtained in this paper
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_E, _ Nw
E(0) 2n(0)

was taken as a characteristic of light field of DSM, where
N is full photon flow.

The calculation of spatial illuminance F will be car-
ried out under the following conditions: t = 10~ cm,
n=15,x=1;A=0.999,0.99; p,=0.795; o (cm™) = 0.1, 1;
B (cm™) =99.9, 99. The relative radius of the beam will
be selected equal to ry/t = 2, 10, 20, 30 and 50 (7, cm) =
=2-102,10"",2-10"", 3-10"!, 5-10""). Since we use laser
beams bounded by a diaphragm to 0.8 intensity level,
for the given values ry/t the Gauss parameter will be:
c(cm™) = 2.99-1072, 1.49-107", 2.98-10"", 4.49-10",
7.78-107".

Fig. 1 shows distribution of spatial illuminance in depth
of scattering layer for various sizes of a laser beam (in
rp/T units).

The above distribution graphs (Fig. 1) show that the
maximum illuminance grows with increasing the laser
beam diameter and shifts into the depth of DSM. How-
ever, the growth stops when a certain value is reached (in
this case ry/t ~ 50), i.e. when an explosive is initiated
with wide beams the tip effects disappear. All this is a
consequence of multiple scattering of radiation in DSM
which is observed for media with a high scattering factor
and a low absorption factor. In depth conditions, the
distribution of illuminance is close to the Burger distri-
bution.

The dependence of maximum F = E/E; on ry/t ag-
rees with experimentally observed dimensional effect (de-
pendence of sensitivity of an explosive on a laser beam
diameter).

In this experimentation explosive compositions (EC)
were a mixture of explosive and binding material. As a
binder we used a material characterized by a very low
absorption index o,~103—10* c¢m, that is why absorp-
tion of laser radiation in such material may be neglected.
Therefore, with increased concentration of the binder both
absorption index of EC and scattering factor decrease
owing to lower content of scattering centers (explosive
crystals and microinhomogeneities) per volume unit.

14.00

12.00

10.00

Relative illumination E(r)/E(0)

13 5 7 9 1113 1517 19 21 23 25 27 29 31 33 35 37 39 41 43 45 47 49

Depth of DSM layerr, /7, um

Fig. 1. Distribution of illuminance in depth of semi-infi-

nite slab of DSM:
¢—r=2t,m—r=10t;, A—r=201,0—r=30r1;
+—r=50r1
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Fig. 2 shows illuminance distribution in a volume of
DSM for these two cases at = 0.1 and 0.3 cm.

Since for the analyzed primary explosives a<<p, the
increase of binding material concentration has practically
no influence on photon survival index, but it substantially
increases its free path length. All this leads to consider-
able redistribution of volumetric illuminance of DSM.

The results of calculations are given under the fol-
lowing characteristics of DSM: a.=0.1cm™, =90 cm’!
and oo =0.01 cm™, B =30 cm™'.

For these pairs of a and B, A and t are respectively
equal: A = 0.9989, T = 1.1-102 cm, A = 0.9996,
1 = 3.33-10"2 cm. The survival indices differ by 0.07 %,
and the free path length — by 3 times.

When comparing the results shown in Figs. 1 and 2,
it can be said that the nature of dependencies essentially
depends on the relation of the beam radius 7 and the
mean free path length t, i.e. on the value r/x.

The calculations also give values of the quantity
F=2-+12, which agrees with the results of works by
E.I. Aleksandrov. Such increase in spatial illuminance
inside the explosive layer can explain the results of low-
threshold ignition, that, as pointed out above, was done
dy E.I. Aleksandrov et alias. However, it should be re-
membered that semi-infinite slab of DSM was investi-
gated.

While investigating a limited layer, boundary effects
appear which can reduce the value F. Surface roughness
has a strong effect on light penetration into DSM. The
structure of scattering radiation inside the layer is de-
fined by absorption and scattering indices and scattering
indicatrix. These parameters depend on radiation spec-
trum, as well as polarization. Therefore, A < 0.999, re-
sulting in reduction of maximum F. Apart from the men-
tioned factors, the decrease in F can be influenced by
interference effects associated with passing through the
given space point of photons having phase shifts and
damping each other partially or completely. Consequent-
ly, correct physical interpretation of the phenomenon of
low-threshold ignition of explosives and VS is impossi-
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ble without due regard to processes of photon scattering in
these materials.

Conclusions.

1. Initiation of highly sensitive explosives and photo-
sensitive explosives (VS) cannot be explained in terms of
multiple increase in volumetric illuminance inside DSM
relative to surface illuminance, while such increase is un-
feasible. However, light conditions in DSM make one of
the decisive factors of ignition of explosives with a pulse of
an optical-quantum generator.

2. The diffuse-reflection factor of DSM mainly de-
pends on photon survival index and refraction index.

3. For each DSM there exists a limit value of a laser
ray radius beginning with which spatial illuminance does
not change with increasing the laser ray radius r.

4. As polymer binder concentration in VS samples
increases, the depth of material layer with high illumi-
nance values grows. Along with this, the rate of growth is
inversely proportional to the laser ray radius. This regu-
larity correlates well with the observed experimental de-
pendence of photosensitive explosive sensitivity on binder
concentration.

The results of theoretical studies have been used for
preparing laboratory samples of optical detonators and in
investigations of optical detonator firing depending on la-
ser ray energy and geometrical characteristics.
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Mera. TeopeTUuHMIT ONMC MMOITMPEHHS JIA3€PHOTO
BUIIPOMIHIOBaHHS B €eHEPTOHACMYEHUX CBITJIIONY TIIMBUX
KOMIO3UTaX SIK Y AU(PY3HO-PO3CII0I0UNX CePEIOBUIIIAX
3i IIiIJIbHOIO YITAKOBKOIO PO3Cil0BaviB.

MeToauka. AHati3 i y3araJlbHeHHSI TEOPETUYHUX J10-
CITiKeHb. 3aCTOCOBAHO METOJI TIPSIMOTO CTATUCTUYHO-
ro MmoaemoBaHHs MoHte-Kapio. [TposeaeHo yucenb-
HUI eKCIEepUMEHT MPOoLECy pO3CiloBaHHSI (POTOHIB Y
CBITJIOUYTJIMBUX €HEPTOHACUICHUX KOMITO3UTAX, TIPO-
aHaJIi30BaHi pe3yJbTaTh YMCEIbHOTO EKCIIEPUMEHTY.

PesyabTaTu. BukinaneHi pesyibTaT po3paxyHKy OCBiT-
JIEHOCTI B Au(y3HO-po3citorouomy cepenouiti (JIPC) 3a
MmeTonoM MonTte-Kapio. 3okpema, BCTAaHOBJIEHO, 110
iHiIIiFOBaHHS BUCOKOUYTJIMBUX BUOYXOBMX pedoBUH (BP)
i CBITJIOUYTIMBUX KOMITIO3UTIB HE MOXe OyTH IOSICHE-
HO Ha OCHOBI YSIBJIEHb PO OaraTopa3oBe 301IbIIEHHS
00’€MHOI OCBITJIEGHOCTiI BCcepearHi au¢y3HO-PO3CiloI0-
YOro cepeloBuIla 100 MOBEPXHEBOI, OCKIIbKMU TaKe
30iMblIeHHS HesaiiicHeHHe. OQHaK CBITJIOBUI PeXXUM
y n1ry3HO-PO3CiI0I0YOMY CEPEIOBUIIL € OMHUM i3 BU-
3HaYaJIbHUX YMHHUKIB 3amnaitoBaHHs BP nazepHum Bu-
MIPOMIHIOBAHHSIM.

Haykosa noBu3na. Koedimienr nudy3Horo Binasep-
KaJieHHS Iu¢y3HO-PO3CII0I0YOr0 CepeAOBHUINA TOJIO-
BHUM YMHOM 3aJI€KUTh Bill KoedillieHTa B>KUBaHHS (ho-
TOHA I MOKa3HMKa 3ajloMaeHHS. 17151 KOXKHOTro Auy3HO-
PO3CiI0I0UOro CepenoBUIla iCHYE IpaHUYHE 3HAYEHHS
pafiyca JJa3epHOro MPOMEHSsI, TTIOUYMHAIOUH 3 SKOT'O ITpo-
CTOPOBA OCBITJICHICTh HE 3MiHIOETHCS MPU 301JIbILIEHHI
paniyca JjiazepHoro nmpomensi 7. [TokazaHo, 1110 npu 30iJ1b-
IIeHHI y 3pa3Kax CBITIOUYTIMBUX BUOYXOBHX PEUOBHH
(BC) koHI1IeHTpalii 3B’43K1 TIMOMHA 1Iapy Marepiany
3 BUCOKMMM 3HAYEHHSIMU OCBITJIeHOCTI 3pocTtae. [Tpu-
YoMy, IIBUIKICTh POCTY OOEPHEHO MPOIOpLiliHa paiy-
cy mpoMeHsl. Llst 3aKoHOMipHiCTb 100Ope KOPEJIoE 3i CIo-
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CTEPEKyBaHOIO CKCIICPUMEHTAIBHOO 3aJICXKHICTIO Iy T-
ymBocTi BC Bin KoHILIeHTpalii 3B’ 13ku. Tak, y pasi iHi-
1itoBaHHS pedyoBUHU Mapku BC2 iazepHUM nmpoMeHeM
niameTpoM 1,5 MM YyTJIMBICTh 30UIbIIWIIACS TPUOINU3-
HO y 2 pa3u npu 30iUTbIIEHHI KOHIEHTpAIlil 3B’SI3KU 3
10 mo 20—30 %, y Toii yac sIK JUIsl TIPOMEHS TiaMeTPOM
4,5 MM 3pOCTaHHS YyTJAMBOCTI cKiaio ~ 13 %.

IIpakTiyHa 3HAYMMICTD. Pe3y1bTaTi TEOPETUUHUX 10-
CJIiIKeHb BUKOPUCTAHI TIPU CTBOPEHHI J1a00paTOPHUX
3pa3KiB ONTHUYHOTO JETOHATOPA Ta Y JOCIIIKEHHSIX CIIpa-
1IbOBYBaHHSI ONTUYHUX JETOHATOPIB y 3aJ€KHOCTI Bif
€HEePreTUYHMX i FeOMETPUYHUX XapaKTePUCTUK Jla3ep-
HOTO MPOMEHIO.

KmiouoBi cioBa: memoo Monme-Kapno, uucenvruit po3-
PAxyHoK, oughy3Ho-po3ciroroue cepedosuuie, aazep, 8UNPo-
MIHI0BAHHS, PO3CIOBAHHS, POMOHU, 8UOYX08I PeHOBUHU

exb. TeopeTnyeckoe onmcaHue pacIpoCTpaHCHUS
JTA3epHOTO M3ITYICHUS B 9HEPTOHACKHIIIICHHBIX CBETOUYB-
CTBUTEJIBHBIX KOMITO3UTaX KakK B I Gy3HO-paccerBa-
IOIIUX CpeAax C MJIOTHOM YITaKOBKOW paccerBaTesIei.

Metoauka. AHanu3 U 0000IIEHNE TEOPETUUECKUX
uccaenoBaHuii. [IppumMeHeH MeTon MpsIMOTO CTaTUCTUYE-
ckoro monenrpoBaHust Monre-Kapio. IIpoBeneH uuc-
JICHHBII 3KCIIEPMMEHT TIpoliecca paccestHUsI (POTOHOB
B CBETOUYBCTBUTEIBHBIX SHEPTOHACKHIIIICHHBIX KOMIIO-
3UTaX, MPOAHAIM3NUPOBAHBI PE3yIbTATOB YHUCICHHOTO
SKCIIEPUMEHTA.

PesyabraTbl. MI3/10XeHBI pe3yJibTaThl pacueTa OCBe-
HIeHHOCTH B i dy3Ho-paccenBaroieii cpene (JIPC) no
metony Monte—Kapio. B yacTHOCTH, yCTaHOBJICHO, YTO
VHULIMAPOBAHNUE BBICOKOUYBCTBUTEIBHBIX B3PBIBUATHIX
BemrecTB (BB) 11 cBeTOUYBCTBUTEIHBHBIX KOMITO3UTOB HE
MOXET OBITh OOBSICHEHO Ha OCHOBE IIPEACTaBICHUI O
MHOTOKPAaTHOM YBEJIMUCHUN OOBEMHOI OCBEIICHHOCTH
BHYTpHY I Py3HO-paccenBaroIIeii cpeabl OTHOCUTEITb-
HO TTOBEPXHOCTHOM, TTOCKOJIBKY TaKO€ YBEJIMYEHIE HEO-
cymiectBuMo. OJHAKO CBETOBOM pexkuM B AUPPY3HO-
pacceuBalolleil cpene SIBISICTCS OMHUM U3 OIpenesisi-
o1ux (pakTopoB 3axkuranust BB nazepHbIM n3mydeHuEM.

Hayunas HoBu3Ha. KoaddunmeHrt nubddy3Horo ot-
paxkenus 1 PC rimaBHbBIM 00pa3oM 3aBUCUT OT KO3 DU-
IMEHTa BBLDKUBAEMOCTH (DOTOHA ¥ ITOKA3ATEST TIPEJIOM--
JieHust. Jis kaxaoit nuddy3Ho-paccenBaromieii cpeibl
CYIIECTBYET NpeeIbHOE 3HaYEHHE pajryca Ja3epHOTO
Jlyya, HaurMHasi ¢ KOTOPOTro MPOCTPaHCTBEHHasi OCBe-
ILIEHHOCTh HE U3MEHSIETCSI IPY YBEJIMYSHUH paauyca Jia-
3epHoro jyya r. [lokazaHo, 4To npu yBeJMYEHUU B 00-
pasliax CBETOYYBCTBUTEIHHBIX B3PBIBYATBHIX BEIIECTB
(BC) KXoHIIEeHTpaK CBSI3KY TIyOMHA CJI0ST MaTepraja
C BBICOKMMM 3HAUYCHUSIMU OCBCIIICHHOCTH pacTeT. [1pn-
YeM, CKOPOCTh pOCTa 0OpaTHO MPOIOPIIMOHAJIBHA pa-
IyCy Jyda. DTa 3aKOHOMEPHOCTb XOPOIIIO KOPPEIH-
pyeT ¢ HabJIIoaeMoil 9KCIepuMeHTaIbHOM 3aBUCUMO-
CThIO YyBCTBUTEILHOCTU BC OT KOHLIEHTpalluKM CBSI3KU.
Tak, B cmydyae MHUIIMMpPOBaHUS BelllecTBa Mapku BC2
JIa3epHBIM JIYIOM TUAMETPOM 1,5 MM 4yBCTBUTEILHOCTh
YBEIMUMIIACH IPUOIM3UTEIIEHO B 2 pa3a IIpU yBeJIJe-
HUU KOHLIeHTpaLuu cBst3ku ¢ 10 1o 20—30 %, B T0 Bpe-
M KaK JUTS JTy9a THaMeTpoM 4,5 MM POCT YyBCTBUTETb-
Hoctu coctaBui ~13 %.
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IIpakTHyeckas 3HAYUMOCTb. Pe3ysibTaThl TEOpeTUYE-
CKUX MCCIIeOBAaHMI MCITOIb30BaHbBI IIPY CO3MAHUHN JIa-
0OOpaTOpPHBIX 0OPA3LIOB ONTUYECKOTO JETOHATOPA U B HC-
CIeIOBaHMSIX cpabaThIBAaHMS ONITUYECKUX TETOHATOPOB
B 3aBUCMMOCTHU OT SHEPTeTUYECKUX U TECOMETPUIECKUX
XapaKTepUCTUK JIa3epHOTO Jyya.

KimoueBble cioBa: memod Monme-Kapno, uucaennulii
pacuem, dupghysno-pacceusarouias cpeda, aasep, uny-
YeHue, paccesHue, POMoHbL, 83pblGHaAMble BeUECMEA
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VALORIZATION OF WASTE ROCKS FROM BOUKHADRA IRON
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BAJIOPU3ALIA BIAXOAIB I'’TPCHKUX ITOPIA ITPU PO3POBIII
POJIOBMIIIA 3ATI3HOI PYJIU BYXAIPA IJ1 BAOCKOHAJIEHHSA
3AXOAIB I3 3AXUCTY HABKOJIMIITHBOTI'O CEPEJOBUIIIA
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Purpose. Characterization of mining wastes for the valorization of waste rocks from the Boukhadra iron ore mine
which is located near the Algerian-Tunisian border in the city of Tebessa (Algeria).

Methodology. Analyses by X-Ray Diffraction, petrographic studies on thin sections and polished sections, particle
size analysis, analysis by X-ray Fluorescence of the raw sample including those for the different particle size of waste
rocks of the Boukhadra mine were carried out to identify their mineralogical and chemical composition. Based on the
physical properties of these mining wastes, magnetic susceptibility was taken into account for possible enrichment of
the weakly magnetic iron minerals by high intensity magnetic separation on dry way (DHIMS). During the separation
of wastes, we took into account the particle size distribution and the intensity of the electrical current.

Findings. The studies realized have enabled us to deduce that the Boukhadra waste rocks, which are generally ex-
tracted from the open-pit mine, mainly consist of limestone, hematite, gray and yellow marls, with an average grade
in Fe,0;5 of 19.97 %. The particle size analysis carried out on a representative sample of the waste rocks from the
Boukhadra mine weights 500 g and crushed to 4 mm reveals that the iron-rich class (27.67 % Fe,0;) is located be-
tween -0.5 + 0.25 mm. Tests by dry high-intensity magnetic separation on different classes: (-1 + 0.5 mm), (-0.5 +
0.25 mm), (-0.25 + 0.125 mm) and (-1 + 0.125 mm) with alternatives amperages (3—12 A) show that the experiment
carried out in the class (-0.5 + 0.25 mm) at 12 A offers a concentrate of iron (40 % Fe,05) against a reject of limestone
and marls (43 % CaO, 15 % SiO,, 8 % Al,O3, 2 % Fe,0;).

Originality. This is a topical issue in the Algerian mining industry, which causes serious problems for the mining
environment and local residents following the increase in volumes of mining wastes and their pollution in the
Boukhadra region. So, the management of waste rocks represents a major preoccupation for protecting the environ-
ment and contributes to the sustainable development. It represents a model for the valorization and the management
of waste rocks from this mine or any other iron mine.

Practical value. The installation of mining wastes enrichment equipment allows, on the one hand, the recovery of
a marketable product and, on the other hand, the rejects resulting from magnetic separation (DHIMS) can be used
in various fields, namely: cement plants, ceramic, construction materials (economic interest), it will also contribute
to the rehabilitation of the mining site and the protection of the environment.

Keywords: Boukhadra, magnetic separation, mining wastes, sustainable development, valorization

Introduction. Compared to all the activities of the na-
tional economy, the mining sector is the driving force
for the sustainable development; technological fields are
consumers of metal pieces (construction, automotive in-
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dustry, various tools, agriculture, etc.) which are in turn
based on iron ore. On the other hand, our environment,
for a long time, has been affected by dangerous and very
complicated problems, which results in the fallouts of vol-
umes of mining wastes on the ecosystem. These wastes
are deposited or stockpiled within the mine site and con-

ISSN 2071-2227, HaykoBun BicHuk HI'Y, 2017, N2 6



