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Purpose. Improving reliability of the technique to determine sensitivity of explosives to laser pulse radiation involving the
method for defining function of energy distribution in a laser beam.

Methodology. Experimental studies, physical and mathematical modeling.

Findings. The available techniques to determine sensitivity of explosives to laser pulse radiation have been analyzed. The tech-
nique to define the function of energy distribution in a laser beam is rather simple not requiring complex experimental equipment.

Originality. Regularities of energy density distribution within the laser ray cross-section have been determined. It has been
demonstrated that both theoretical and experimental dependences of energy density upon the laser ray radius are characterized by
Gaussian distribution being little different from each other. Changes in radiation intensity within the laser ray cross-section have
been determined experimentally.

Practical value. Practical use of the laser initiation technique is connected with the improvement of the known methods to
develop profiled detonation waves within the explosive charges as well as plane, cylindrical, conical, and spherical shock waves in
different materials. Methods to develop such waves are characterized by maximum high repeatability of results and high efficiency

in terms of minimum possible power consumption.
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Introduction. Studies on physical and mathematical regu-
larities of a previously determined phenomenon of initiation of
the detonation in explosives by laser radiation [1] are rather
topical tasks of chemical [2] and laser physics [3] as well as
blasting practices [4]. A process of laser initiation of explosives
which are characterized by different sensitivity has been con-
sidered in a series of theoretical and experimental works carried
out in the USA, Russia, Japan, Ukraine and other countries;
the studies began 50 years ago being still topical today. Despite
the fact that certain important fundamental results have been
obtained in this area and considerable practical knowledge has
been accumulated, there is still no uniform technique to mea-
sure sensitivity of explosives to laser radiation [5].

Being transparent to laser radiation, condensed explosives
both in the form of fine-grained powder and in solid state are
the medium with dense packing of diffusers. These are the
substances requiring correct determination of the concept of
sensitivity to laser pulse. The matter is that the major share of
laser radiation falling onto the energy-saturated substances is
scattered in a diffusive way in opposite direction [6]. More-
over, crystals of the substance, which are in the inner layers of
the explosive, play a defining role in the diffusion. If the explo-
sive thickness is less than the inverse value of the attenuation
rate, then a certain share of radiation passes through a sample
without going back; consequently, it does not contribute to the
heating of microinclusions. The light mode in such a sample
differs from the light mode in a half-space consisting of the
explosive [7]. This will influence both diffuse reflection factor
and laser ignition parameters [8].

The abovementioned means that such characteristics of a
substance as a diffuse reflection factor and sensitivity are the
characteristics of a certain explosive only in case if sample
thickness is much more than the inverse value of the radiation
attenuation rate.

Consider the determination of the explosive sensitivity to
the effect of pulse laser radiation. Depending upon the fea-
tures of the tasks to be solved, there may be different defini-
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tions of such concept as sensitivity. Thus, while solving the
problems concerning determination of the mechanism of laser
initiation of explosives, sensitivity is defined as a minimum
value of the absorbed energy of radiation resulting in the ex-
plosive ignition, i.e.

E,=E,(1-R),

where E, is density of the energy of laser radiation falling onto
the explosive sample; R is the diffuse reflection factor.

‘While solving engineering problems, we interpret sensitiv-
ity as a minimum density of laser radiation energy resulting in
the explosive blasting. Such a definition of sensitivity is not ac-
curate since it does not take into consideration the fact that the
explosion near the initiation threshold is of probabilistic char-
acter both in terms of laser ignition and in terms of other types
of effect (impact, impression, etc.). Thus, currently, it is con-
ventional to understand sensitivity of explosives to the effect of
pulse laser radiation as density of energy E; which corre-
sponds to 50 % of the initiation probability [9].

Methods. While studying sensitivity, preliminary experi-
ments are carried out to determine the density range of ener-
gies that corresponds to the area whose energy initiates prob-
able explosion of the explosive charge. After that, 25—30 sam-
ples of explosives are tested within the range of probable initia-
tion. Processing of blasting frequency histogram results in the
developed dependence of the initiation upon the density of
laser energy 03( E; ) It is the density of energy E; *, for which

m( E;)z 0.5, that is the characteristic of explosive sensitivity
to the laser pulse effect. The following value is selected as the
characteristic of the width of probable blasting zone

OF,
Zor0=0.5).

Studies of the explosive sensitivity to the effect of pulse la-
ser radiation began with the use of simplest optical recording
circuits. Accumulation of practices concerning a laser ignition

mechanism has resulted in the increased requirements for ini-
tiation and recording circuits. Topicality is in the fact that
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while searching for and synthesizing light-sensitive explosives,
first of all, it is required to test explosives as for determining
possibility of their laser pulse ignition.

Taking into consideration the fact that sensitivity of differ-
ent explosives to laser radiation may differ by several orders,
preliminary tests of energy-saturated substances are carried
out using a simplest optical circuit which makes it possible to
vary density of radiation energy within wide ranges (Fig. 1).

To simulate accurately the geometrical conditions, the dis-
tance from beam splitter 4 to diaphragm 6 of the explosive
sample was selected to be equal L, = L,. While determining
0OQG [ energy efficiency, falling onto a calorimeter, the explo-
sive sample is substituted with one more calorimeter with a
diaphragm whose diameter is equal to the one of the dia-
phragm 6. Energy efficiency is determined as a result of a series
of control shots. Further, while testing the explosives, the an-
gle of splitter 4 relative to the laser ray is the same as during
control measurements.

Scattering lens 3 helps to change energy density on the ex-
plosive sample. Light filter 2 is used to eliminate possible illu-
mination of the explosive by the light from a pumping lamp of
an optical quantum generator (OQG).

A disadvantage of the available technique and optical cir-
cuit of its implementation is in the approximated determina-
tion of threshold energy density since it is defined by dividing
the calorimeter-measured energy by the area of a diaphragm
hole, i.e. energy distribution within the diaphragm hole is not
taken into consideration.

If we use OQG with the direction of the vector of radiation
polarization which changes from one monopulse generation to
another, the angle between a normal to the splitter surface and
direction of radiation propagation is selected not to be more
than 20°. In terms of those range of angles, the coefficient of
Fresnel reflection does not depend upon the direction of a ra-
diation polarization vector. It should be noted that it is possi-
ble to interchange sample 5 and calorimeter 7 along with dia-
phragm 6 in order to measure minor energy densities and im-
prove measurement accuracy.

The represented circuit of explosive initiation did not con-
tain any requirements for laser radiation quality. However, ac-
cording to the papers (published within the period of
1978—1985) by E.Aleksandrov, A.Vozniuk, V. Tsypiliov and
others, correct measuring of laser ignition parameters requires
use of one-mode one-frequency OQG. It is stipulated by the
fact that multimode generators usually used during the experi-
ments develop local lighting discontinuities within the explo-
sive (due to the available complex spatial structure of the light
beam) making their measurement impossible.

Purpose of the paper is to improve reliability of the tech-
nique to determine explosive sensitivity to laser pulse radiation
involving the method for determining the function of energy
distribution within a laser beam.

Development of the technique to determine explosive sen-
sitivity to laser pulse radiation is of great importance for practi-
cal tasks being topical in machine building — metal reinforc-
ing, stamping, developing new materials and materials with
innovative physical properties, during geophysical studies of
the earth’s crust, in high-parameter mechanics etc. Wide

Fig. 1. Circuit of initiation and recording of the explosive sensi-
tivity:
1 — optical quantum generator; 2 — light filter; 3 — lens; 4 — beam
splitter; 5 — quantity of explosive; 6 — diaphragm; 7 — calorimeter

practical implications of the method of laser initiation are con-
nected with the improvement of the known techniques to de-
velop profiled detonation waves in the explosive charges and
shock waves in metals. (e.g. flat [10] converging to the center
of the sphere — spherical [11], converging to the axis — cylin-
drical and conic [12, 13]).

Theoretical and experimental studies. Consider certain pe-
culiarities of the technique to determine the function of energy
distribution in a laser beam [ 14]. The technique is based on the
experimental determination of diameters of the prints, when
laser pulse of different energy effects the material undergoing
phase transformation being observed visually or with the mi-
croscope. Moreover, the phase transfer should be of threshold
character, i. e. take place under the effect of laser energy whose
density is higher than certain threshold value £*. In this case,
we obtain contrast prints whose sizes may be measured to the
high accuracy. Color paper with a thin layer of a coloring agent
changing its color during laser action was used as such a mate-
rial. The main requirement for the technique is as follows: the
function of distribution of radiation intensity within the beam
cross-section should not vary from pulse to pulse. The require-
ment was met in terms of stable OQG operation generating
pulses of similar energy. Calibrated light filters were used to
change density of radiation energy.

Determine distribution of energy density within the beam
cross-section as follows

E(r) = Eyo(r), )]

where E; is energy density in the beam center; 7 is the radius of
the circle where the value of £(r) should be found.

Representation of the function of energy density in the
form of (1) means radial symmetry of the distribution func-
tion. Normalize this function by total energy pulse W

W= 2rcE0To)(r)rdr. 2)
0

Having divided (1) by (2), we obtain
E(r)/W=w(r)/2nk,

where k= Tm(r)rdr.
0

‘While changing laser path transmittance, we obtained a set
of prints whose radii were measured with the help of micro-
scope. Boundaries of prints correspond to the threshold ener-
gy of color change E*. Using the measurement results, repre-
sent a system of equations as follows

E')W,=o(r)/2mk, i=In, 3

where # is the number of changes; W; is energy of radiation in
terms of which the print radius is equal to #;.

Having developed dependence W(r) by extrapolation
method, we find energy W(0) at which print radius is equal to
zero. For that energy

E*=/W(0) = ©(0)/2rk — I/2nk. )

Having divided in sequence the equations of system (3) by
equation

o(r)=W©O)/W,, i=In. )
If distribution function w(r;) is known, it helps to solve the
problem completely. To determine energy density in the beam

center, it is required to determine value k by means of integra-
tion; value £, is calculated according to formula

E, = W/(Q2rk). (6)

The technique was used while determining the function of
energy density distribution within a laser beam generated by
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0OQG Bigsky Laser CFA 200/400 (USA) during its operation
in the mode of resonator Q-switching.

Basing upon the dependence W(r;), demonstrated in Fig. 2,
determine energy W(r) at which the print radius is equal to zero:
W(r)=2.5ml. Ratios (5) make it possible to define values of the
distribution function (r;), Fig. 3. Having developed the function
ro(r;) (Fig. 4), we apply numerical integration to obtain the
value of integral k =4.5 - 1073 cm? that is required for determin-
ing energy density in the center of beam £, and, consequently,
E(r) function as well. Table represents value £ and average val-

w
ues of energy density in terms of print £, =—-.
T

1
It is obvious that one cannot use value E,, in terms of ex-
perimental studies as it depends upon the material on which
sizes of prints are determined.
The following distribution of energy density E(r) is conve-
nient to be represented in an analytical form for further ex-
perimental studies.
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Fig. 2. Intensity of radiation within the laser ray cross-section
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Table

Experimental values of the parameters required to determine
functions of radiation intensity distribution within the laser
beam cross-section

No | i | s | 00 | g | e [0
1 1.75 43.0 | 0.058 755 449 0.034
2 1.62 35.1 | 0.071 615 366 0.054
3 1.60 343 | 0.073 601 358 0.059
4 1.38 21.1 0.118 370 221 0.12
5 1.12 1.6 | 0.216 203 121 0.25
6 1.0 8.0 0.313 140 84 0.33
7 0.75 4.98 | 0.502 87 52 0.54
8 0.56 3.89 | 0.643 68 41 0.7
9 0.33 2.8 0.893 49 29 0.89
10 0.1 2.59 | 0.965 45 27 0.89

It is well-known that in case of a single-mode operation of
laser, distribution of energy density along the beam cross-sec-
tion is well approximated by Gaussian distribution. Thus, we
represent our distribution by function

2
Xp[‘zrcz} %)

where o is the parameter of distribution.
Function (7) is normalized for total energy of laser pulse.
Transform (7) to (1) form. Find the following from (7)

w
E(r) = Py e

w
E,=E0)= , 8
0 =£(0) Tna? )
consequently,
E(r)=E(@© r
(r)— (0)exp et | ©9)

Comparing (8) with (7) and (9) with (1), we obtain

2 k r :
o o(r)=o, exp( 2o J

Fig. 3 shows that the function ®, approximates experimen-
tal function of distribution w(r) well enough. Analytical repre-
sentation of energy density distribution within a laser beam is
convenient during experimental studies.

The next example. Certain part of experimental studies has
been performed with the use of negative lens; it widened the laser
beam so that the size of image on the explosive sample increased
by a factor of three. It is clear that in this context the distribution
function does not change. Transition to a new distribution re-
quires a change of variable (= (1/3)7) in expression (7). Then

/4 r'?
- . 10
exp{ 2.02) (10)

(r,) = 2T502

While normalizing the function for total energy of laser

pulse, we obtain
r!
exp(—zczj, (11)

where 6”2 = 9c2.
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The experiment involved a diaphragm with the diameter of
D = 4.5 mm which cut central part of the beam. Energy W,,
having passed through a diaphragm and falling onto explosive
sample, was measured. Energy density was measured accord-
ing to formula

E,.= W,/(rDY/4). (12)

Using function (11), we determine the energy of laser ra-
diation, having passed through the diaphragm

D/2 2 2

/4 r D
W,=2 ex rdr=W|1-exp| — . (13
d n2n6'2 '([ p( 20'2j [ p( 8c'"? )] (13)

Having substituted values of D and ¢’ into (13), we obtain
W,=W(1-0.61)=0.39W.

If we know value W, it is possible to define by how many
times energy density in the beam center is more than the aver-
age value determined according to formula (12)

Ey (W 0.39w
E 2nc"? nD?

4

=1.23.

In terms of the image magnified by 3.3 times and dia-
phragm D=7 mm
E
E(D[2)=0.7W; —-=18.
EIIV

Thus, while carrying out experimental studies on explosive
sensitivity to the effect of laser pulse, it is required to stipulate,
what critical density of the initiation energy corresponds to:
maximum values of density in beam E; or average value E,,.

The represented technique to determine the function of
energy distribution within a laser beam does not require com-
plex experimental equipment.

Conclusion. The determined regularities of interaction be-
tween laser radiation and energy-consuming substances and
explosive composites in polymer matrix are of considerable
interest for laser radiation physics.

Development of the technique to determine explosive sen-
sitivity to laser pulse radiation is of great importance for practi-
cal tasks being still topical in machine building — metal rein-
forcing, stamping, developing new materials and materials
with innovative physical properties, during geophysical studies
of the earth’s crust, in high-parameter mechanics etc. Wide
practical implications of the method of laser initiation are con-
nected with the improvement of the known techniques to de-
velop plane, cylindrical, spherical detonation waves and their
combinations in the explosive charges as well as shock waves in
metals under processing.

The technique has made it possible to obtain maximum
effect along with the minimization of costs. All the modern
methods to develop profiled detonation waves involve addi-
tional mass of explosive (up to 50 % of the primary charge) and
a complex structure of so-called generator of profiled waves.
Laser initiation is not characterized by those disadvantages.
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Mera. [linBuilleHHS HaOilHOCTI i TOCTOBIPHOCTI METO-
MKW BU3HAYEHHS YYTJIMBOCTI BUOyxoBuX peuoBuH (BP) no
JIa3¢pPHOTO iMITYJIbCHOTO BUIIPOMiHIOBaHHSI 3 BUKOPUCTaH-
HSIM METOAMKM BU3HAaYeHHS (DYHKLIT pO3IMOiTy eHeprii B J1a-
3epHOMY ITyUKY.

Meroauka. ExcriepyMeHTaIbHI TOCTiIXKEeHHS Ta (Pi3uKO-
MaTeMaTUYHe MOJICTIOBaHHS.

Pesyabratu. IlpoBeneHo aHami3z iCHylOUMX METONIB BM-
3HAYCHHS YyTJIMBOCTi BUOYXOBUX PEYOBHUH JIO JIA3€PHOTO iM-
MyJIbCHOTO BUITpOMiHIOBaHH:. [IpencraBieHa MeToaMka BU-
3HAYeHHS (PYHKIIi po3MoMilly eHeprii B Ja3epHOMY MYy4Ky
JIOCTaTHBO TIPOCTa, HE BMMAra€ CKJIAJIHOTO €eKCHepUMEH-
TaJbHOTO O0JTaTHAHHS.
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HaykoBa noBu3na. BctraHoB/IEHi 3aKOHOMIPHOCTI PO3MOaiTy
LLJIBHOCTI €HEPril B epeTrHi JlazepHoro rnpoMeHs. [lokazaHo,
1110 TEOPETUYHi Ta eKCMEepUMEHTAIbHI 3aJIEXKHOCTI 1iITbHOCTI
EHeprii Bif pamiyca Ja3epHOro MPOMEHS XapaKTepu3yIOThCS
posnoaiziom I'aycca Ta MaJio Bipi3HSIIOTbCSI ONMH Bifl OIHOTO.
ExcriepyMeHTaIbHO BCTAHOBJIEHA 3MiHA IHTEHCHMBHOCTI BU-
MPOMiHIOBAHHSI B TIOTIEPEYHOMY Tepepi3i 1a3epHOro MpOMEHS.

IIpakTiyna 3HaYnMicTh. [1pakTuHe 3aCTOCYBaHHS METO-
Jly JIa3epHOTO iHilliFOBaHHSI TIOB’sI3aHe 3 YIOCKOHAJEHHSIM
BiIOMUX CMOCOOIB CTBOPEHHS MPOMibOBAHUX JETOHAIIiI-
HUX XBWIb Yy 3apsaax BP i ynapHux miockux, HUIiHAPUYHUX,
KOHIYHUX, c(hepUIHUX XBUJIb y Pi3HUX Martepiajiax. Meroau
CTBOPEHHSI TaKUX XBWJIb XapaKTePU3YIOThCS MaKCUMAaJbHO
BHCOKOIO IMOBTOPIOBAHICTIO PE3Y/IbTaTiB, BUCOKOIO €(DEKTUB-
HICTIO TTPY MiHIMaJIbBHO MOXJIMBUX €HEPTeTUMHUX BUTpaTaXx.

KunrouoBi cioBa: subyxosa pewosuna, nazep, 8unpominio-
BAHHS, IMNYAbC, YYMAUBICMb, IHIUIIOBAHHS, BUOYX, eHepeis
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HeJI]). [NoBbIllIeHNE HAAEXKHOCTU U JOCTOBEPHOCTU MCEC-
TOOUKU ONPEACTICHUSA YYBCTBUTCIBbHOCTU B3PbIBYATHIX BE-

wectB (BB) kK 1azepHOMYy MMITYJIbCHOMY U3JIyYEHUIO C UC-
MOJIb30BaHUEM METOIUKU OIpeAesieHusT (DyHKIIUM pacIipe-
NeJICHWsI HEPTUM B JIA36PHOM ITyJIKe.

Metoauka. DKcriepuMeHTaIbHbBIC UCCICIOBAHUS U (DU~
3UKO-MaTeMaTUIeCKOoe MOIETMPOBaHKE.

Pe3yabraTshl. [IpoBeaeH aHaIN3 CYLLIECTBYIOIIUX METOIOB
onpeaeeHUs YyBCTBUTEILHOCTH B3phIBUATHIX BEIIECTB K J1a-
3epHOMY UMITYJIbCHOMY U3iIydeHuto. [IpencraBieHHast MeTo-
IKa omnpereseHrs GYHKIIMY pactipee/ieHUst SHePTUU B Jia-
3epHOM TyYKe JOCTATOYHO MPOCTa, HE TPeOyeT CIOXHOIO
3KCIEPUMEHTATLHOTO 000PYIOBaHMS.

Hayunaa HoBM3HA. YCTaHOBJIEHBI 3aKOHOMEPHOCTH pac-
TIpeesIeHNsI TUIOTHOCTY SHePTUM B CEUSHUHN JIa3ePHOTO JTyJa.
[TokaszaHo, YTO TeOpeTUYECKUE U DKCIEPUMEHTAIbHBIC 3a-
BUCHMOCTH TUTOTHOCTH HEPTMU OT pamuyca Ja3epHOro JIyda
XapaKTepM3ylTcs pacripeneieHueM ['aycca u Mano oTjidya-
IOTCST IPYT OT JApyra. DKCIMEePUMEHTAILHO YCTAaHOBJIEHO 13-
MEHEHHe MHTEHCUBHOCTU M3JIyYeHUs B IMOMEPEYHOM ceye-
HUU JIa3epHOrO Jiyya.

IIpakTnyeckas 3HauumMocTh. [IpakTuyeckoe mpumeHe-
HUE METOJIa JIa3ePHOT0 MHULIMUPOBAHUS CBSI3aHO C COBEP-
LLIEHCTBOBAHMEM M3BECTHBIX CIIOCOOOB CO3aaHUs TTpodu-
JIMPOBAaHHBIX IETOHAIIMOHHBIX BOJIH B 3apsaax BB u ymap-
HBIX TUIOCKUX, HMJIMHIPUIECKUX, KOHUYECKUX, chepuue-
CKMX BOJIH B pa3jIMYHBIX MaTepuajax. MeToabl CO3maHus
TakKuX BOJH XapaKTepU3YIOTCSI MaKCUMaJIbHO BBICOKOM
IMOBTOPSIEMOCTBIO PE3YJIbTATOB, BBICOKOW 3(P(PeKTUBHO-
CThIO TIPU MUHUMAJIbHO BO3MOXKHBIX 9HEPIeTUYECKUX 3a-
Tparax.

KioueBblie ciioBa: 3psiguamoe eeujecmeo, aasep, uziyue-
HUue, UMNYAbC, HYBCMBUMENbHOCMb, UHULUUPOBAHUE, 63Dbl6,
9Hepeus

Pexomendosano 0o nybaikayii 0okm. mexH. HAYK
0. B. Conoosinxinum. Jlama naoxooxucenus pyxonucy 20.08.18.

ISSN 2071-2227, E-ISSN 2223-2362, Naukovyi Visnyk Natsionalnoho Hirnychoho Universytetu, 2019, N° 4 15



